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General Introduction 

American Chemical Society’s Series of Chemical Monographs 

By arrangement with the Interallied Conference of Pure and Applied 
Chemistry, which met in London and Brussels in July, 1919, the American 
Chemical Society was to undertake the production and publication of 
Scientific and Technologic Monographs on chemical subjects. At the same 
time it was agreed that the National Research Council, in cooperation 
with the American Chemical Society and the American Physical Society, 
should undertake the production and publication of Critical Tables of 
Chemical and Physical Constants. The American Chemical Society and 
the National Research Council mutually agreed to care for these two fields 
of chemical progress. The American Chemical Society named as Trustees, 
to make the necessary arrangements of the publication of the Monographs’ 
Charles L. Parsons, secretary of the Society, Washington, D. C.; the late 
John E. Teeple, then treasurer of the Society, New York; and the late Pro¬ 
fessor Gellert Alleman of Swarthmore College. The Trustees arranged for 
the publication of the ACS Series of (a) Scientific and (b) Technological 

Monographs by the Chemical Catalog Company, Inc. (Reinhold Publish- 
ing Corporation, successor) of New York. 

The Council of the American Chemical Society, acting through its Com¬ 
mittee on National Policy, appointed editors (the present list of whom 
appears at the close of this sketch) to select authors of competent authority 

in their respective fields and to consider critically the manuscripts sub- 
mitted. 

The first Monograph of the Series appeared in 1921. After twenty-three 
'ears of experience certain modifications of general policy were indicated. 
In the beginning there still remained from the preceding five decades a 
distinct though arbitrary differentiation between so-called “pure science ,, 
publications and technologic or applied science literature. By 1944 this 
differentiation was fast becoming nebulous. Research in private enterprise 
had grown apace and not a little of it was pursued on the frontiers of 
knowledge. Furthermore, most workers in the sciences were coming to see 
he artificiality of the separation. The methods of both groups of workers 
are the same. They employ the same instrumentalities, and frankly recog¬ 
nize that their objectives are common, namely, the search for new knowl¬ 
edge for the service of man. The officers of the Society therefore combined 
the two editorial Boards in a single Board of twelve representative members. 

Also in the beginning of the Series, it seemed expedient to construe 
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rather broadly the defimtion of a Monograph. Needs of workers had to be 
ecogmzed. Consequently among the first hundred Monographs appeared 
woiks in the form of treatises covering in some instances rather broad areas 
Eecause such necessary works do not now want for publishers it is con ’ 
sidered advisable to hew more strictly to the line of the Monograph char¬ 
acter, which means more complete and critical treatment of relatively 
restricted areas, and, where a broader field needs coverage, to subdivide it 

such TltZ Prod,8i0,,S eXPa ” Si °" 0t " eW kn °* dge 

These Monographs are intended to serve two principal purposes • first 
form hTt t0 ChemiStS a th ° r0Ugh treatment of a selected area in 

that they may correlate their own work with a larger area of physical 

treated To ? ? A t0 stlmulate further research in the specific field 

eated To implement this purpose the authors of Monographs are ex- 

fs eC of such S vol eXten t d b d r refereUCe T t0 the literat ure. Where the literature 
s of such volume that a complete bibliography is impracticable the 

basisrf ZrreM * ^ ° f referenCeS CriticalIy Selected on the 

basis of their relative importance and significance. 
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FOREWORD 


Chemistry is old enough to look backward as well as forward. The view 
is sobering, in a space age” when it is often alleged that the rate of scientific 
progress is ever-quickening. For, a century ago, Clausius with the kinetic 
theory of gases and Kekule with the tetravalence of carbon and the forma- 
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PREFACE 


The rapid growth of solid state physics and chemistry has 
standing feature of postwar science and technology. While 
strides have been taken in the last decade, there can be littb 
many phases of solid state science are still in their infancy. T 
has progressed perhaps the farthest, largely because of the ] 
petus given it in 1947 by the invention of the transistor, is 
semiconductors. Since that date, the development and applica 
conductor devices have proceeded at a rapid pace. At the sam 
'as been an equally rapid increase both in the degree of coni 
chemistry of the materials, and in the nndnrsbmdimr v 




chemistry of semiconductor processes. The implications of these de- 
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much in chemistry can be clarified from studies of semiconductors, and it 

one of the objectives of this book to facilitate this process. 
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of the semiconductor (for example, the electrical, optical, and 
tic properties) to the chemical composition, or the crystal chemistry, 
points of view of both physics and chemistry are usually necessary in 
^ ing this aim, and the contributions from the two disciplines are often 
ricably bound up with one another. Accordingly, this book is intended 
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_ v ' ew - attempt has been made, nor would we consider it desirable, to 
indude only those subjects thought to be purely chemical in nature. Physi- 

^ processes in semiconductors often depend directly upon the chemistry, 

tribute to the understanding of the chemistry, or are such an important 

«>f the general field that their omission would give the reader a picture 
out of balance. 
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and silicon. This does not represent mere prejudice on the part of the 
but results from the fact that these two semiconductors are under 
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far better control, and are much better understood, than any other. Ger¬ 
manium and silicon serve in many ways as models for the future under¬ 
standing of these other materials. At the same time we have sought to 
se ect, from the voluminous literature on compound semiconductors that 

work which seemed to have the soundest basis, giving only references in 
the less well established cases. 

This book was written with a desire to satisfy the requirements of two 
kinds of readers. The first group includes chemists, either graduate students 
or chemists whose major interests lie outside the particular subject of this 
book, who have a desire to learn something about a field which is rapidly 
absorbing the attention of more and more chemists. Secondly, there are 
the chemists, physicists and metallurgists who are actively working in the 
field, who may find illuminating a treatment of semiconductors which 
emphasizes the chemical aspects of the subject, and which includes certain 
topics not treated in other books on semiconductors. 

The first two chapters give a general background of the physics and 
chemistry of semiconductors. Chapters 3-7 deal with the physical chemis¬ 
try of semiconductor systems. In Chapters 8-15 the relationship between 
the chemistry and the electrical and optical properties of a number of semi¬ 
conductors is discussed. Chapters 16-17 deal with properties associated with 
semiconductor surfaces. 

lyr N. B. HANNAY 

Murray Hill , New Jersey 
February , 1959 
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PRINCIPAL SYMBOLS 

Helmholtz free energy 
undetermined constants; components 
ratio of electron to hole mobilities 
velocity of light 
concentration 
diffusion coefficient 

pre-exponential factor in the general diffusion equation 
donor, acceptor 
electric field 
electron, hole 

energy; energy of quantum states 
Fermi level 

energy of donor, acceptor centers 
energy of trap, recombination center 
energy at valence, conduction band edge 
Fermi level for intrinsic semiconductor 
energy gap 

Fermi distribution function 
growth rate 
flux density 
foreign atom 

foreign interstitial, substitutional 
Planck’s constant 
h/2 tt 

heat content (enthalpy) 
magnetic field intensity 

V-i 

interstitial 
foreign interstitial 
electrical current 
saturation current 
current density, flux density 
Boltzmann’s constant 
rate constant 
wave vector 

equilibrium distribution coefficient, mole fraction equi¬ 
librium distribution coefficient 
extinction coefficient 
equilibrium constant 
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PRINCIPAL SYMBOLS 


K 

L 

<£ 



M 

M 

Mj , etc. 

etc. 
M a , etc. 
M s + , etc. 






n Q , Vo 

N 

N 

N v , N c 
N d , 

iVv, AT/ 

> etc. 

N d 

P 

V 

Pa 

P 

P 

Q 

q, q 
Q 

Qe 

Q P 

R 

R 


s 

S 

S 

t 

T 


thermal conductivity 
diffusion length 
see Eq. (16.5) 
mass of electron 
effective mass 

“density of states” effective mass for electrons, holes 
metal; cation 

ionic mobility 

interstitial M atom, etc. 

ionized interstitial M atom, etc. 

substitutional M atom, etc. 

ionized substitutional M atom, etc. 

refractive index 

density of electrons (number per cm 3 ) 
intrinsic density of electrons, holes 
density of electrons in donor states 
equilibrium electron, hole densities 
Avogadro’s number 

density of countable entities (number per cm 3 ) 

density of states in valence, conduction bands 

total density of donors, acceptors (ionized plus unionized) 
density of imperfections 

density of un-ionized lattice vacancies, interstitials 

density of ionized vacancies at M sites, lead sites, etc. 

density of dislocations per cm 2 

momentum 

density of holes 

density of holes in acceptor states 
ion pair 

pressure 

electronic charge 
phonon wave vector 
thermoelectric power 

electronic contribution to thermoelectric power 

phonon-drag contribution to thermoelectric power 
gas constant 

Hall coefficient 

surface recombination velocity 
entropy 

substitutional atom 
time 

ion triplet 










PRINCIPAL SYMBOLS 


les 


dzed) 


c. 


Va , Vc 

^ Jf , I pb , Gtc. 

I m~, T pb, etc. 

W 




» M» > Mp 
, Mo 


absolute temperature 
velocity; thermal velocity 
voltage 
volume 


lattice vacancy 
anion, cation vacancies 

un-ionized vacancy at an M site, lead site, etc. 
ionized vacancy at an M site, lead site, etc. 
thermodynamic probability 
work 

mole fraction 
anion 

coordinates 

see Eq. (16.5), (16.6) 

absorption coefficient 

q/kT 

effective diffusion layer thickness 
dielectric constant 
equilibrium distribution coefficient 
wave length 

Ui/Uo 

electrochemical potential (Fermi level) 
chemical potential, of the ith component 
mobility 

Hall mobility, electron and hole mobility 

lattice scattering, acoustical mode, optical mode 
bilities 

Peltier coefficient 
charge density 
resistivity 
conductivity 
lifetime; relaxation time 
frequency; jump frequency 
wave number = 

Fermi level (q$ 0 ■■ 

separation between Fermi level and Ar s 
quasi-Fermi levels (imrefs) for electrons, holes 
surface quasi-Fermi levels for electrons, holes 
wave function 

electrostatic potential 
electrostatic potential at surface 
electrostatic potential in interior 
angular frequency = 2ttv 
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VALUES OF FUNDAMENTAL CONSTANTS 


Electronic charge q 
Electronic mass m 
Planck’s constant h 
h = h/2ir 

Boltzmann’s constant k 
Speed of light c 


cgs units 

4.80 X 10- 10 esu (1.60 X 10~ 19 coul.) 

9.11 X 10~ 28 g 

6.62 X 10~ 27 erg sec 
1.054 X 10~ 27 erg sec 

1.38 X 10~ 16 erg deg' 1 (8.62 X 10~ 5 ev. deg" 1 ) 
2.998 X 10 10 cm sec -1 


CONVERSION FACTORS FOR VARIOUS UNITS OF ENERGY 

1 ev = 1.60 X 10->* erg = 23.053 kcal/mol 
1 ev corresponds to: 

(a) a temperature of 1.16 X 10 4 °K 

(b) a wave number of 8.066 X 10 3 cm" 1 

(c) a wave length of 1.24 micron 
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CHAPTER I 


SEMICONDUCTOR PRINCIPLES 

N. B. Hannay 

INTRODUCTION 

The chemistry and physics of semiconductors are so closely related that 
i full understanding of either area can be gained only by considering the 
relation between them. In this chapter we shall present briefly some of the 
important physical concepts which underlie the material dealt with in 
much of the remainder of the book.* 

The term “semiconductor’’ implies a definition, namely, that it is a ma- 
'rrial having an electrical conductivity intermediate between that of metals 
and insulators. For many purposes this is a satisfactory definition. We 
recognize, however, that an enormous range of conductivities can meet 
'his requirement. At room temperature, the conductivities characteristic 
of metals are of the order of 10 4 to 10 6 ohm -1 cm -1 , while those of insulators 
may range from 10 22 to 10 10 . The materials classed as semiconductors 
generally have conductivities from about 10 -9 to 10 3 . 

Materials which fall in this conductivity range, but which are largely 
ionic conductors, will not be of interest to us; it is electronic conduction 
xith which we shall be concerned. Some materials show conductivities 
^■hich approach those of certain metals, and yet their conduction process 

found to be like that of other semiconductors. Insulators may, under 
■ertain conditions, show conduction behavior which is characteristic of 
-emiconduction. In a later section (p. 15) we shall discuss the underlying 
basis for distinguishing metals, semiconductors, and insulators. Another 
Titerion commonly associated with semiconduction is a negative tempera- 
:-jre coefficient of resistance, but no hard-and-fast rule can be stated in 
this respect. 

Semiconductors depend in many cases on crystal imperfections for their 
smque properties. These may be foreign atoms incorporated into the 
rystal lattice, small deviations from stoichiometry, or lattice defects. It 
2 ? the control of these imperfections, and the relation between the imper- 

* Several excellent treatments of semiconductor physics are available. The reader 
interested in a more complete discussion than is presented here is referred especially 

the books by Shockley , 1 Kittel , 2 Spenke , 3 Goudet and Meuleau , 4 Dunlap , 5 and 

Dekker . 6 
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fections and the properties of the semiconductor, which is the subject of 
much of this book. 

As might be expected from the wide range in conductivities encountered, 
a large number of materials can be considered as semiconductors. A large 
fraction of inorganic compounds can reasonably be expected to show cer¬ 
tain properties of semiconductors, as well as a number of the elements and 
certain kinds of organic compounds. Among the most investigated, and best 
understood, of these, are germanium and silicon among the elements, and 
indium antimonide, zinc oxide, and cadmium sulfide among the com¬ 
pounds. 

Semiconductors are of practical importance in a number of connections. 
Their most direct uses, of course, take advantage of their unique electrical 
behavior, as in transistors, crystal rectifiers, and thermistors. Closely re¬ 
lated to these are the applications which combine electrical and optical 
effects, as in luminescent materials and photoconductors. Furthermore, 
semiconductors are used in many other ways, in which any connection 
between their semiconducting behavior and the particular application is 
much more subtle. An example of this, of particular interest to chemists, 
is that of the oxide catalysts. In later chapters, some of these topics will be 
explored in more detail. 

ELECTRONS AND HOLES 

In many semiconductors it is of great importance to recognize two kinds 
of carriers of electrical current: electrons and holes. While the latter, in the 
final analysis, represent motion of electrons also, the separation of the two 
basic conduction processes is clear. The concepts involved will be illustrated 
in terms of chemical bonds, by reference to the elements of Group IV al¬ 
though they are quite general for solids. 

The covalently bonded carbon atoms, in the diamond modification, are 
shown in Figure 1.1(a). Since each carbon contributes four valence elec¬ 
trons, and it is tetrahedrally bonded to four neighboring carbons, all of the 
electrons are used up in forming the covalent bonds. In this situation no 
net flow of electrons through the solid is possible, and the material is an 

insulator. 

If an extra electron is added to the structure, however, no empty bonds 
are available, and the electron is free to wander through the solid. It will 
move through the crystal in the opposite direction from an applied electric 
field, and can thus contribute to the electrical conductivity. This situation 
is shown in Figure 1.1(b). Electrons which are not bound in the valence 
bonds, and are thus free to move in this way, are called conduction elec¬ 
trons. If conduction electrons can be produced in some manner in sufficient 
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Figure 1.1 

(a) Schematic representation of perfect diamond lattice. 

(b) Conduction electron in diamond. 

(c) Holes in diamond. 

(d) Motion of a hole through the diamond lattice. 

ititv, the material is no longer an insulator, but shows appreciable 
il conductivity. 

. is a second way in which the total number of electrons fails to 
the number of available bonding sites, i.e., when there are too few 
>. There is then only one electron in some of the bonds, as shown 
risure 1.1(c). This missing bonding electron is called a “hole.” It, like 
_ conduction electron, is free to wander through the crystal. As shown in 
kare 1.1(d), an electron in a bond adjacent to the one-electron bond where 
-hole” is localized, can jump into the empty position, leaving a vacancy 
as it goes. As this process is repeated, the net effect is for the hole 
e through the crystal under the influence of an electric field, it can 
that the hole will move in the opposite direction from the conduction 
. since the motion of the hole is opposite to that of the valence 
s. It thus behaves as though it were a positively charged particle, 
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APPLIED ELECTRIC FIELD 

Figure 1.2. Electrical conductivity arising from motion of electrons and holes in 
diamond. 

and for this reason has often been called a “positive hole.” We note then 
that the conduction electron constitutes a local negative charge, and the 
hole a localized net positive charge. It is an oversimplification to consider 
either the conduction electron or the hole to be as highly localized as indi¬ 
cated in Figure 1.1; preferably, they are thought of in quantum mechanical 
terms as probability distributions, smeared out over a few lattice spacings. 
The hole can contribute to the electrical conductivity, since its motion, 
resulting from a shift of valence electrons, transfers charge just as effectively 
as does the motion of the conduction electron; the total conductivity then 
results from motion of both kinds of carriers, as in Figure 1.2. 

The concept of the hole as a particle is so useful that it is nearly always 
treated as such in semiconductor work. One can always go back to the orig¬ 
inal concept for reassurance as to the meaning of any process involving 

holes, and equivalent results will be found, although often in a much more 
cumbersome way. 

ENERGY BANDS 

The quantitative features of semiconduction can be explained in terms of 
“energy bands/’ which constitute the allowed electronic energy levels in 
crystalline solids, and which relate to the inter-atomic binding. Chemists 
are accustomed to describing chemical bonds in terms such as covalent, 
ionic, partially ionic, etc. These are useful in a qualitative way in solids, 
but a more exact description of electronic energies is necessary to under¬ 
stand semiconductor behavior. A simple picture of energy bands, which is 
sufficient for many purposes, will be presented without recourse to a de¬ 
tailed quantum mechanical treatment, on which it fundamentally depends. 
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Free Atom Approach to Energy Bands 

One is familiar with the electronic energy levels in isolated atoms, and in 
:nolecules. In solids, however, the valence electrons are not localized on 
articular atoms; each atom contributes one or more electrons to the bind- 
rg, but these electrons do not remain identified with the particular atoms 
from which they come. The solid might be regarded as a giant molecule, 
with the assembly of valence electrons ranging over the whole solid. One 
-rproach to the problem of treating electronic levels in solids is to start 
with the levels for the isolated atoms, and to consider what happens as an 
w«eembly of isolated atoms is brought together to form the crystal. We first 
eocsider the changes when two such atoms are brought together. In Figure 
we show the wave functions for two isolated hydrogen atoms in (a). 
When the two atoms are brought close enough together so that their wave 
motions overlap, it is found that combinations of the two separate wave 
im tions and 'Fb describe the new electronic wave functions for the pair 
«iF itoms, as in (b). The symmetric wave function, obtained from the com¬ 






ic) 

Figure 1.3 

i. Wave functions for two isolated hydrogen atoms. 

Symmetrical and antisymmetrical wave functions for hydrogen mole¬ 
cule. 

: Energy vs. internuclear distance for hydrogen molecule wave functions. 
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bmation F A + * B , corresponds to a lower energy state than does the 
antisymmetric combination * A - * B , as shown in (c), although both 

levels are allowed. The separation in energy of these two levels increases 
as the spacing between the two atoms descreases. 

, a gr ° U P of six atomS ’ a11 in a row > is treated “ the same way, one 
lids that the same splitting of levels occurs. Figure 1.4 shows the six wave 

functions arising from the Is levels of the individual atoms. In Figure 1 5 

the energies corresponding to these six 1* states are shown, as are the cor- 

respondmg levels arising from the 2s atomic states. The 2s wave functions 

which do not lie as close to the nucleus as do the Is levels, show the effect 

of the overlap at greater atomic spacings than in the case of the Is states. 






Iiguie 1.4. Is wave functions for a linear array of six atoms. ( After Shockley.') 
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Figure 1.6. 2s and 2 p states for diamond. (After Kimball?) 


Fa,- h of the levels shown in Figure 1.5 can accommodate two electrons, 
because of the two possible electron spin orientations. Thus twelve elec- 
toons will completely fill the six Is states shown, i.e., two electrons per atom. 

With an assembly of N atoms, the same behavior is observed. The spac¬ 
er of the electronic energy levels within a band, arising from a given atomic 
^csmtum state, becomes small for large N, but the gap between the groups 
it -vels corresponding to different atomic quantum states is preserved for 
hrze .V, the positions of the top and bottom of the band being independent 
tf .V. We thus see that the allowed electronic energies fall into “energy 
tunds” of closely spaced levels, with “forbidden gaps” between these 



The 


1 The 



es for the band lying well below the 2s and 2 p bands. At relatively 


*e internuclear spacings the lower band (2s) can accommodate two elec- 


- per atoms, and the upper band (2 p) six. At smaller separations the 


hands mix and each band is found to have four levels per atom. Carbon 



a total of six electrons per atom; because of the Pauli exclusion principle, 


v two per atoms of these fall into the Is band, which provides two levels 



atom because of spin. The remaining four electrons per atom just fill 



lower band (2s) shown in Figure 1.6. This is called the valence band, 



se these four electrons contributed by each atom are just the electrons 



form the covalent bonds between the atoms in the usual chemical 



picture. In Figure 1.1 these bonds were shown for the diamond lattice, 



nted in two dimensions, and the essential equivalence of the two 


~ of looking at the bonding can be seen. In each picture, each carbon 



butes four electrons to the formation of the interatomic bonds, with 
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a complete filling of the available levels. Any additional electrons added to 
the solid would have to go into higher lying energy states. The upper band 
in Figure 1.6 is normally empty, and is called the conduction band, for 
reasons which will become apparent shortly. In Figure 1.1, we have thought 
of any such extra electron as wandering through the crystal, without con¬ 
tributing to any of the chemical bonds. 

Some of the energy bands in sodium are shown in Figure 1.7. In this 
case it may be seen that at the observed lattice spacing the situation is 
quite different from that in diamond, in that the bands resulting from the 
3s, 3 p and higher levels overlap. In sodium each atom contributes eleven 
electrons. Ten of these go into the Is, 2s, and 2 p bands, filling them com¬ 
pletely, and the eleventh goes into the 3s band, leaving it only half full. 
This is characteristic of energy bands in alkali metals, just as the situation 
shown for carbon in Figure 1.5 is characteristic of insulators. 

There is an energy band for each of the atomic levels, although in many 
instances one is concerned only with the uppermost filled, and lowest-lying 
unfilled, bands. The valence band may, or may not overlap the next higher 
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yrerlap 


Umd. Furthermore, the number of electrons may or may not be suffi- 
t to just fill the valence band. In carbon, the bands do not overlap, and 
oner band is exactly filled. In the alkali metals the bands overlap, and 
• alence band is only half filled. In alkaline earth metals, the bands also 

NA*\ il__ 1 (* l 




ft -*-— v. vw nil tliVy V ClLlOliyjKU 

_ - hey do not do so, in fact, because the overlap of the bands means 
some ol the bottom levels of the upper band lie at lower energies than 
topmost levels of the lower band, so are accordingly filled preferentially, 
he approach to electronic energies in solids which begins with the wave 
tions of free atoms is known as the “tight-binding approximation.” 

Electron Approach to Energy Bands 

" e now turn t0 a different approach to the problem of describing elec- 
- energies in solids. In the discussion so far, we have considered the 

in states of electrons tightly bound to individual atoms, arising 
the interactions between these atoms. Alternatively one can start 
in assembly of free electrons, and consider the modification of their 
nor resulting from the restrictions placed on them by the presence of 

nl rpi__ _ j 1 • i . ~ 


(TV 


X --Q J * * -I. viiiii uuvy OV711U. Will ’ 

y with position, because of the charges at the lattice sites. 

_• J_ n 1 n 


Consider 


linger equation is 


0. The 


vV 


2 mE 


* 1S the wave fun ction, and E the energy of the electron. The solu- 
often written in the equivalent sine and cosine form) are of the form 


ikr 


+ Be 


—ikr 


^ w 

e k is the wave vector and r is the position vector, as can be verified 
airect substitution. The solutions e ±ik r represent traveling waves (in 

■site directions). The probability of finding the electron anywhere in 
* 15 given by I * I • The ener gy w given (in the one-dimensional case) 


ft 


to depend parabolically on k, as shown in Figure 1.8a. This re- 
. obtained through quantum mechanics, may be compared with the 

de Bi oglie relationship between the electron wave length X and its 

ituni p 


X 


(1.4) 
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(b) 



k 


(C) 


Figure 1.8. E vs. k (one dimension) for (a) free electrons, (b) electrons moving in 
a periodic potential, (c) E vs. reduced wave number. 


The momentum is related to the energy by 


P 


(2 mE) 


1/2 


so that the wave vector k, which is given by 27 t/X, is 


k 


27t 27rp (2 mE) 


1/2 


X 


ft 


n 


(1.5) 


( 1*61 


which is the same as (1.3). The wave vector and the momentum of the 
electron are seen to differ only by the factor ft. 

The problem in a crystal lattice is to find the solutions for a periodically 
varying potential. This problem was solved by Bloch, 9 who found that solu- 
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t? were of the form (in one dimension) 


= u k (x)e 


ikx 


(1.7) 



rhetor e 1 * represents a plane wave, and it is modulated by the function 
> which has the periodicity of the lattice. The eigenfunctions are 
Bloch functions. These have the property that ^(z ± a) = e ±lka ^(o;), 






MtCr + a) = u k (x). If there are N lattice sites, and we require as a 
y condition that ^(x + Na) = ^(x), then e lkAa = 
for values of k = 2m/Na, where n = 0, ±1, ±2, etc. These are 


1. This will be 



allowed 


* ,i.i 



appear 


of the parabolic law obtained for free electrons (1.3). Discontinui- 
at values of k = mr/a , where a is the lattice spacing, and the 


P k curve takes the form shown in Figure 1.8(b). The size of the dis- 
luities in the energy depends on the magnitude of the periodic poten- 



vanation 







ted by forbidden gaps, the number of states in the bands being pro¬ 
to N. The critical value of electron wave length A for which the 
itinuity in allowed electron energy states appears is just that for which 
expects Bragg reflection; that is, an electron impinging on the crystal 
with this wave length will be totally reflected, and thus cannot enter 
ystal. A physical feeling for this result can be gotten as follows. At 


* of k < 7r/a, the electron behaves as a traveling wave in the crystal. 



••ondit 



n\ 


2 a sin 6 


( 1 . 8 ) 



reduces 




to k = mr/a, since 0, the angle between atom planes and the 
t wave, is 90° in the case of normal incident under consideration, 
y = 2t k. This reflection arises from the constructive interference of 
radiation from successive atom planes when condition (1.8) is 
As the electron wave length reaches 2 a (i.e., k = ir/a) the electron 
longer be represented simply as a traveling wave, because of this 




, but it must be represented as a standing wave, made up equally 
vefing waves with opposite directions. These waves, e lkr , and e“ ik *. 



two 


ir/a, namely 


u k (e ikx + e~ 1KX ) 


-ikx 


and 


^k(e 


ikx 


-ikx 


)• 



-solutions correspond to different energies, and these are the two 







energies shown in Figure 1.8 at ir/a , the band edge. Similar condi- 
h<dd for k = — ir/a, ± 2ir/a, etc. In three dimensions, a similar situa- 
i>Jds. although we note that in the different crystallographic direc- 
the lattice parameter, a, is in general different, and the energy curves 
y differ in shape. The banding of allowed electron energies, as 
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shown in Figure 1.8(b), is of course the banding discussed in connection 
with the interaction of isolated atoms. 

The region bounded by values of k lying within the limits ±t/ a is usually 
called the first Brillouin zone, the region between -2 tt /a and -v/a, and 
+2ir/a and +x/o, the second Brillouin zone, and so on. In three dimen¬ 
sions these zones become polyhedra, or the volumes lying between poly- 
hedra. 

In the discussion so far k has been allowed to vary from 0 to ± 00 . The 
periodicity of the system, however, allows us to express the energies in 
terms of reduced wave vectors, lying only in the range — tv /a < k < 
+ tv /a. Phis arises because the replacement of k by k + 2 Tvn/a in ^r k pre¬ 
serves the form of the Bloch function. Thus if k' = 


k + 27m/a, then 


*k(x) 


i (k +2 t n /a )x / \ 

e u k (x) e 


—2irinxla 


ik'x / \ 

e u k > (x ). 


(1.9) 


We can thus describe the energy of a state by specifying a k value between 

- tv /a and tv /a, and a quantum number to describe the band to which the 

state belongs. In Figure 1.8(c) the band structure of Figure 1.8(b) is shown 
in such a manner. 

In three dimensions, the Bloch functions are of the form e ik r u k (r). The 
first Brillouin zone comprises the most compact volume in k space, cen¬ 
tered about k = 0, which includes all nonequivalent values of k. In this 
case also, the wave vector can be reduced so as to lie in the first zone. The 
periodicity of the Bloch function is expressed in terms of a vector of the 
reciprocal lattice,” n = n x bi + n 2 b 2 + n 3 b 3 ; here n \, n 2 , n 3 are integers, 

and bi, b 2 , b 3 aie unit vectors of the reciprocal lattice, given by expressions 
of the form 


bi 


&2 X a 3 


ai-(a 2 X a 3 ) ’ 


etc., 


being the unit vectors of the direct lattice. The wave vector 

k + 27rn corresponds to a state physically equivalent to that correspond¬ 
ing to k. 

Extending the one-dimensional E vs. k picture of Figure 1.8 to two 

dimensions, and choosing these to be equivalent for illustration, one sees 

that the allowed electron energies lie on surfaces obtained by rotating the 

curves in Figure 1.8 about the E axis. All electrons of a given allowed energy 

have k values lying on a circle in a k*k„ plane, centered about the origin, 
in this case. 

The surfaces of constant energy, in plots of E vs. k in three dimensions, 
will be of interest in later chapters. In band structures where the simple 
picture of Figure 1.8 holds in each crystallographic direction, these constant 
energy surfaces (in “k space,” or “momentum space”) are spherical, or 
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al if a 


a z . In those cases where the band structure of 


■conducting materials has been determined, for example in silicon and 

nanium, the energy surfaces are more complex, as will appear in Chap- 

* The situation depicted in Figure 1.8 refers primarily to a case where 

i^riodic potential is a relatively small perturbation on the behavior of 

- Iree electrons. In actual cases, the perturbation will often be greater. 

■er, in semiconductor work, one is concerned only with energies near 

rot tom or top of a band, the “band edges.” These maxima and minima 
occur at k = 0, k = 'tt / n. nr at lnfprmo^iQ+o volnoo rvP L- l\.Tr»n-n lUn 


7r/a, or at intermediate values of k. Near the 


edges, E will be proportional to (k — k 0 ) 2 , to a very good approxima- 
where k 0 is the wave vector for the band edge. 

. particularly convenient way to treat the electron energies in a crystal 
describe them as still being proportional to k 2 , as they are in the case 
electrons (1.3), but with a variable factor of proportionality. One 
a quantity ra*, the effective mass, which is related to the curvature 
be E vs. k curve. For the simple bands of Figure 1.8, 


ra 


■ is then given by 


(d 2 E/dk 2 ) 


( 1 . 10 ) 


E , 


2ra 


( 1 . 11 ) 


no 


m k eurv 


^ s. Near the bottom of the lowest band in Figure 1.8, we see from 




j 

rnrve eventually has a point of inflection at which point ra* is infinite, 
i' to say the electron responds to an accelerating force as though it 
finite mass. Above this point, the effective mass becomes negative 
mtnhe, and finally it approximates the actual mass, but with a nega- 
’ri.'je, at the top of the band. At the bottom of the next band, the 
|-r~‘ raass has a small positive value again. In the actual three-dimen- 
■^ise. the defining expression for ra* is a tensor rather than the sim- 
-ion (1.10), and at any point in k space its value may vary with 
tion of motion in k space. The concept of effective mass, as well 
measurement, will be discussed at greater length, beginning with 



t? behavior of electrons, with an effective mass differing from the actual mass, 
sight to violate the laws of motion. That this is not the case may be 
• by realizing that the effective mass refers to the behavior in a lattice, in 
mv. in external force. The interaction of the electron with the lattice (atoms 
rsrots resolves the apparent discrepancy. 
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One could deal with carrier behavior in solids by talking only about elec¬ 
trons. We have seen earlier, however, the usefulness of the concept of a 
hole. Considering now the electrons and holes in terms of the energy band 
picture just developed, the fully bonded lattice shown in Figure 1.1 corre¬ 
sponds m F igure 1.8 to the situation where the valence band (highest oc¬ 
cupied band) is just filled, and conduction band (lowest unoccupied band) is 
empty. The extra electrons added, in Figure 1.1(b), go into the bottom of 
the conduction band of Figure 1.8. That is to say, these electrons possess 
an energy separated from the highest energy in the valence band by an 
amount given by the width of the forbidden gap, the energy necessary to 
free an electron from a bond. Holes, as in Figure 1.1(c) represent a situation 
where the valence band is not quite filled. As electrons will fill the lowest 
available levels first, conduction electrons will in general be found to occupy 
states near the bottom of the conduction band. In the case of holes, the 
valence electrons will fill up all but the topmost levels in the valence band 
and the holes are associated with these levels near the top of the band! 
Thus, the negative effective masses referred to above, for the negative 
electron, are effectively equivalent to positive masses for positive holes. 

The effective mass description of electrons and holes permits one to use 
equations derived for free electrons for carriers moving in the periodic 
field of a crystal, merely by using the effective mass in place of the actual 
mass in the equations. For example, using an equation applicable to free 
electrons, one finds that the number of energy states per unit volume lying 
between E and E + dE (counting states for both spins) is 


dN 


47T 

w 


(2 m*) w E w dE = N{E) dE 


( 1 . 12 ) 


It can now be seen why filled bands do not carry current and why par¬ 
tially filled bands do. In Figure 1.9(a) a completely filled band is shown. 
Application of a field tends to change the energies of the electrons, and 
hence also their k values. However, if any electrons increase their k values 
to the right, say, an equal number change in the opposite direction because 
of the exclusion principle. Thus the field produces no net change in the oc- 


/ 

< O 
2 ro 

2 l 
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Ct) u- 
2 



Figure 1.9. E vs. k showing (a) completely filled band, 
empty band, (c) holes in a nearly filled band. 


7 \ 




(C) 

(b) electrons in a nearly 
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*»oorf states and hence no current. In (b), no such restriction holds. 
- rea,e of k values to the right, again, is now possible, as there are 

rZZT * TT ^ (C) ’ CUrrent Can again fl0w > at ^ top of 
. ed band the k values of occupied states shift to the right if a 

* Mhetft n SRme d r reCti ° n aS b6f0re ’ and 80 the unoccupied states 
o the left, corresponding to a hole current from right to left. One 

elv ntbr ?r! e ’ the electr0n k values d0 not increase 

**V HI f m a ( ° r ’ in the reduced wave vectOT language, 
repeatedly from -,/a to +x/a, reappearing at -,/« again, be- 

• Pf riodlc 't y )- This does not happen because the electrons are 

e crystal lattice. Upon being scattered, they change their 
to those of unoccupied states, so that only a small net shift of k 
for the occupied states occurs. If the mean free time between such 


• W -- aaav/WXA 

* r, then the increase in k in a field 6 is 


Ak 


2xgS 


(1.13) 


f t the electronie charge. (1.13) may be understood by noting that 

r2i n S‘3T mentU T (except f0rthe factor */2r), by equations 
- . ' ]’ d thls , lw ec l ual to the impulse (force X time) given the 

' th( ; f 7 Ce q& bein S Provided by the field for the time r. The cur- 

, ^ from a displacement of some electrons from states on the left 

• T Qllrl 1 In ^L a i • 



J 


nq&r (~) 


(1.14) 




1 m*> is the average of 1/m* over the occupied states 
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r h ; ng T / m a g6neral Way and with more Precision than 

the introduction, metals, insulators, and semiconductors. In 

- ’ f ', a enCe ba “ d f full > the conduction band is empty, and no 
. ° charge results from the application of an electric field . In a 

- u PP ermost energy band containing electrons is only partially 

I . ,D , he of alkali metals )> or a filled band overlaps an empty 

d, K t e 'l ^ f nd tHere 18 at least one valence electron per 

these bands. These electrons are free t„o move in a field, and since 

P T ei , ln ! arge numbers > th ey result in very high conductivities, 
uctors the situation is similar to that in insulators, except that 

means pvppcc oioni V» /~v IN n J / 1 1 l i 



numbers 


x A &man compared to the 

of atoms present. These result in an electrical conductivity, which 
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is smaller than that of metals, because of the smaller number of current 
carriers. Semiconductor physics and chemistry deal with the control and 
behavior of these added electrons and holes. 

Intrinsic Semiconduction 

If the crystal lattice shown in Figure 1.1 is raised to an elevated tempera¬ 
ture, thermal excitation will occasionally free an electron from the inter¬ 
atomic bonds. This creates simultaneously both a conduction electron and 
a hole. If a field is applied, they move away in opposite directions. The equal 
numbers of electrons and holes produced thermally thus give rise to an 
electrical conductivity, as shown in Figure 1.2. Occasionally an electron 
and hole will meet, and the electron will fall back into the bond. This proc¬ 
ess is called “recombination.” We may visualize a continual process of 
thermal generation and recombination of electrons and holes, so that an 
equilibrium is established, with an equal number of electrons and holes 
present to give rise to an electrical conductivity. By raising the solid to a 
sufficiently high temperature (providing this is chemically feasible), any 
insulator can be expected to show this behavior, which is called “intrinsic 
semiconduction,” since it is an intrinsic property of the material. The tem¬ 
perature necessary for this to be appreciable will be determined by the 
width of the forbidden gap. This process, in the energy band picture, corre¬ 
sponds to a thermal excitation of electrons across the forbidden gap, from 
the valence band to the conduction band. 

I he law of mass action can be applied to this equilibrium involving gener¬ 
ation and recombination of electrons and holes; thus the product of elec¬ 
tron and hole concentrations is a function only of temperature, for a given 
material. 

np = K (1.15) 

where n is the electron concentration, p is the hole concentration, and K 
is the equilibrium constant. Since n = p, for the situation we are concerned 

with at present, we define n, = n = p, where n, is the intrinsic number of 
electrons at a given temperature (n t - = pi). Thus 

K = n- (1.16) 

(1.15) will of course hold for those cases where n ^ p , with which we will 
be concerned later. 

Another way to free electrons and increase the conductivity, is to shine 
light on the material. If the light quanta are of sufficiently high energy, we 
can create electron-hole pairs, just as in the case of thermal excitation, and 
in this manner also a process of continual generation and recombination of 
carriers arises. In terms of the energy gap model, the light must be of suffi¬ 
ciently short wave length so that hv > E a , the width of the forbidden 
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1 . 10 . Intrinsic semiconductor, (a) at low temperatures, (b) at elevated 
, with thermal excitation generating holes and conduction electrons, 
energy is plotted against position through the crystal. 

gap, and this energy corresponds to the edge of the fundamental 
band. Conduction produced in this way is often called “photo- 


thi? stage it is convenient to introduce the kind of energy band dia- 
that is most generally useful in semiconductor work. Electron ener- 
plotted against distance through the crystal, and only the top of 
band and bottom ol the conduction band (for the equilibrium 
separation at the temperature under consideration) are of interest 
1.10(a) shows the case where there are no free carriers, and (b) shows 
number of holes and electrons, as produced either thermally or by 
)tion of light. The carriers are shown schematically as though they 
xc-alized, but they must be thought of as moving at random through- 

rvstal. T ransitions cnrrpsnnnrbnn* irontivo f !o 









‘he diamond lattice has been chosen to illustrate the holes and 

5 - we note in passing that other materials, which might for example 

an ionic or partially ionic binding, are entirely similar insofar as 

>ts of energy bands, electrons and holes, conduction processes, 
involved. 




DONORS AND ACCEPTORS 

consider the effect of the addition of certain kinds of imperfec 
iO the crvstal lattice. 


ty Semiconductors 



- germanium 
effect of adc 
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Figure 1.11 

Donors produced by Group V impurities in germanium 
Acceptors produced by Group III impurities. 


the crystal may be seen easily (Figure 1.11). If a germanium atom is re¬ 
placed by an atom of an element from Group V, such as arsenic, there are 
five valence electrons from the arsenic to be disposed of. Four of these are 
shared with the four adjacent germanium atoms, to form covalent bonds 
simiar to those existing between adjacent germanium atoms. The fifth 
electron will not be held in any chemical bond, as there are no empty sites 
available. It will be attracted weakly by the arsenic, however, by coulom- 

bic .j° rces ; as lts removal to large distances leaves the arsenic with a net 

positive charge. When the electron is at large distances, the only available 

energy state is in the conduction band. The energy required to remove the 

electron is called the impurity ionization energy, and the term donor derives 

from the fact that the arsenic can “donate” a conduction electron to the 
lattice. 

The replacement of a germanium atom by an element of Group III 
indium for example, leads to a deficiency in valence electrons. Referring to 
the schematic picture of Figure 1.1, the three electrons contributed by the 
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form 





. but the fourth bond remains a one-electron bond, i.e., a hole is 
Just as the electron was weakly held to the arsenic by coulombic 
he hole is attracted to the indium. If it moves away, the fourth 
t bond to the indium is completed, and the indium is left with a net 
e charge. Group III elements are examples of acceptors, so-called 
they can “accept” electrons, thereby introducing holes into the 


band, 
examples 



but they are not the only kind of donor and acceptor. They both 
to a g ener al class which can be called “impurity centers,” as they 


from 




-X-CilIU VllKD 

uctors arising from this kind of imperfection can be called “im- 
v semiconductors.” Certain elements from other groups of the peri¬ 


ls hie , 

: Tmanium 
















impurities which enter the lattice in interstitial positions, may 
^ donors in semiconductors. Lithium in silicon and germanium is an 
’ • The ne utral lithium atom has a single valence electron, and is 
to occupy (normally) an interstitial site. The odd electron is easily 
, lea\ ing an interstitial positive lithium ion. The electrical conse- 
res of an interstitial donor, like lithium, are entirely similar to those of 
“utional donors like arsenic. One might ask whether interstitial ac- 

5 also exist - No such case has been established, and possibly this is 
*• ' the difficulty of fitting a large negative ion into an interstitial site, 
same general scheme holds for donors and acceptors in compound 
c-tors. In Group Ill-Group V compounds, such as GaAs, one 
t'. and finds, that elements of Group VI, substitutionally replacing 
act as donors, while elements of Group II, if they occupy gallium 

t as acceptors. Similar considerations hold in other compound 
uctors, such as the II-VI compounds. 


certain 



con- 







/ --V/ J 

ly active centers by impurity substitution has been called 
valency’’. 10 This is a method by which the valency of a small frac- 
°f l ^ e cations is changed by the introduction of a small amount of 
^-y. It is illustrated in Figure 1.12 for the case of NiO. The stoichio- 
pure compound has a low electrical conductivity. The incorporation 
small amount of monovalent lithium into the lattice, replacing di¬ 
nickel ions, leads to a change in valence of an equal number of nickel 
*° tiie tr i valent state, in order to preserve charge balance. This situa- 
shown in figure 1.12. Electrons can now move from divalent to 
t nickel ions, thus effectively moving the trivalent sites; this permits 
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Figure 1.12 




(a) Stoichiometric, pure NiO. 

(b) Effect of adding substitutional Li; some of the divalent nickels become 

trivalent, to preserve charge neutrality. 

the transfer of charge across the material, which is equivalent to saying 
that it has electrical conductivity. 

Nonstoichiometry 

Another major way of introducing donors and acceptors into semicon¬ 
ductors arises from nonstoichiometry in compounds. Several possible ways 
this might happen can be foreseen. The nonstoichiometry can arise either 
by virtue of vacant lattice sites for one component of the compound, or 
because of an excess of one component located in interstitial sites. Anion 
or cation excesses or deficiencies might be involved, and we might be con¬ 
cerned with either donors or acceptors. 

1 o illustrate how nonstoichiometry leads to such effects, we consider only 
a single example here, deferring to later chapters other cases. A donor center 
can result from the trapping of one or more electrons in an anion vacancy. 
The classic examples of centers of this type are the /^-centers in alkali 
halides, although these materials are not usually considered semiconduc- 
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cd + + S = cd ++ S' cd ++ 


S~ 

2 ELECTRONS 
TRAPPED IN 
ANION 
VACANCY 

Cd + + 

S = Cd ++ S = Cd + + S = 

Figure 1.13. Imperfection arising from nonstoichiometry in CdS. 

tors. The same kind of center is believed to result from nonstoichiometry 
in CdS. We show in Figure 1.13 a crystal of CdS, in which a few anion 
httice sites are vacant, corresponding to a stoichiometric excess of cad¬ 
mium. In order to maintain charge neutrality in the crystal, two electrons 
must be supplied for every sulfide ion removed. In the vicinity of the va¬ 
cancy, there is a net positive charge, and there will be a strong tendency for 
:he extra electrons to be held to this center, and this combination, the 
Aectrons trapped in the anion vacancy, is the donor center. If, by some 
means, any of these trapped electrons can be released, they enter the con¬ 
duction band of the crystal and increase the electrical conductivity. 

Energy Levels of Donors and Acceptors 

The preceding paragraphs have described various kinds of centers which 
-an act as donors or acceptors of electrons and thus contribute to the elec¬ 
trical conductivity. 

In the case of arsenic in germanium, it is apparent that the fifth electron 
lies in a higher energy state than the normal valence electrons, so that the 
localized extra level associated with the arsenic lies above the top of the 
illed band. At the same time, since there is some binding energy for an elec¬ 
tron in this state to remain on the arsenic, the level lies below the lowest 
■free” electron state in the conduction band. The extra state must there¬ 
fore lie in the forbidden energy gap, as shown in Figure 1.14(a). The energy 
required to remove this electron may be estimated by noting the similarity 
to the removal of an electron from a hydrogen atom. The coulombic attrac¬ 
tion between the arsenic ion and the electron, as compared with the hydro¬ 
gen atom, is reduced by the dielectric constant of the medium, since the 
electron orbit in the solid encompasses several atomic distances. The reduc¬ 
tion in ionization energy depends on the square of the dielectric constant, 
which is 15.8 for germanium. The ionization energy for the free hydrogen 
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Figure 1.14. Energy levels for (a) donors, (b) acceptors, (c). a partially com¬ 
pensated semiconductor, with both donors and acceptors present. 

atom is Id.6 ev,* so one expects the ionization energy for arsenic in ger¬ 
manium to be reduced by a factor (15.8) 2 , thus 13.6/(15.8) 2 = 0.05 ev. 

A further reduction is expected because the effective mass lor electrons 
should be used, rather than the actual electronic mass, in computing the 
energy. 1 his reduction leads to good agreement with the experimental 
values, which lie near 0.01 ev. This, then, is the energy difference between 
the bottom of the conduction band and the localized energy level at an ar¬ 
senic. Similar considerations show that an acceptor like boron provides 
levels just above the top of the filled band, as shown in Figure 1.14(b). 
Centers like these are often called “hydrogen-like.” 

At room temperature, the thermal excitation energy of the electrons is 
sufficient to ionize almost completely arsenic centers in germanium, so there 
is an increased concentration of electrons in the conduction band nearly 
equal to the arsenic concentration, and these give rise to an increase in the 

The electron volt is the most commonly used unit of energy in semiconductor 
literature. Its convenience lies in its numerical equivalence to voltmeter readings. 
One electron volt is equivalent to 23.053 kcal/mole. While many of the equations 
in this book will be given in terms of cgs units, it will often be found convenient to 
make use of practical units. The units which are commonly used in semiconductor 
literature and in the laboratory are cm, gram, sec for mechanical quantities, volts, 
coulombs for electrical quantities, and gauss for magnetic field. 
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electrical conductivity. Such behavior is called “extrinsic,” as it depends 
on the concentration of imperfections in the lattice. The case of boron in 
germanium provides an example of an extrinsic semiconductor where an 
excess of holes has been introduced. At room temperature the boron levels 
are nearly all ionized, that is to say, the holes have been removed from them 
and have entered the valence band, leaving an electron trapped on each 
acceptor center. 

Xot all donors and acceptors in germanium have as small ionization ener¬ 
gies as do boron and arsenic, and larger ionization energies are encountered 
in other materials also. When both acceptors and donors are present in the 
material—and for practical reasons this will almost always occur to some 
degree—there is a “compensation” effect. The difference between donor and 
acceptor concentration will determine the carrier concentration. Thus, in 
Figure 1.14(c), with five arsenic and two boron atoms present, the boron 
levels are filled by two of the available electrons from the arsenics, and only 
three conduction electrons are supplied. 

Semiconductors which have an excess of conduction electrons over holes 
are normally called “n-type,” because their conductivity arises from nega¬ 
tive current carriers. Those with an excess of holes are called “p-type,” 
as the carriers are positive. In these cases the carriers are termed majority 
-arriers and minority carriers, depending on which predominate. A semi¬ 
conductor in its intrinsic range has equal concentrations of holes and elec¬ 
trons, as we have seen. This range might be achieved by extreme purity, 
or by going to sufficiently high temperatures so that the intrinsic carrier 
•oncentration exceeds the impurity concentration. Exact compensation of 
donors and acceptors also leads to a condition where the hole and electron 
concentrations are equal. 

One of the most striking features of semiconductors is the temperature 
behavior of the conductivity. In metals, the conductivity normally de- 
•reases with increasing temperature, due to the greater frequency of coi¬ 
tions of electrons with the lattice. In semiconductors, however, in certain 
ranges of temperature the conductivity increases rapidly with increasing 
*emperature. At low temperatures the carriers are frozen out on the im¬ 
purity centers, and the conductivity is low. As the temperature rises, an 
increasing fraction of the centers is ionized, and the conductivity rises rap¬ 
idly because of the increased concentration of carriers. When the tempera- 
■ ire is sufficiently high so that these are completely ionized, the conduc¬ 
tivity normally begins to decrease slightly with increasing temperature 
just as in metals. At still higher temperatures, there is a further sharp rise 
in conductivity, with the onset of appreciable excitation of carriers all the 
way across the forbidden energy gap. 

Another way of exciting carriers out of impurity centers is by the ab- 
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sorption of light. The absorption itself may be observed, or the photocon¬ 
ductivity which arises from it. The light energy at which these processes 
begin corresponds to the ionization energies of the impurity centers These 

methods are of very great importance in the study of semiconductors, as 
will be seen m later chapters. 

EQUILIBRIUM OF ELECTRONS AND HOLES 

It is clear from the preceding discussion that the understanding of semi¬ 
conductor phenomena requires a description of the occupation by electrons 
of the energy states in the solid. 

Electrons follow the Fermi-Dirac distribution law, and we must see how 
his can be applied to the problems of interest in semiconductors. 

Fermi-Dirac Distribution Law 

The F ermi-Dirac distribution function is given by 


HE) 


1 


1 + exp 


(E - E F ) 
kT 


(1.17) 


where f(E) is the probability that a state of energy E is occupied, E F is a 

parameter called the Fermi energy, k is Boltzmann’s constant, and T is 
the absolute temperature.* 

T n { iS Sh0Wn in Figure L15 for T = 0, and for a value of 

T « E F /k. At T = 0, / = 1 for E < E F , and / = 0 for E > E F . That 

is to say, at T = 0 all the electrons fall into the lowest energy states only 

one electron per state being allowed. One sees that at absolute zero ' E F is 

the energy associated with the highest occupied state. At higher tempera 

tures we still find / = 1 for E « E F and / = 0 for E»E r , but there is 

a rounding off of the distribution function in the neighborhood of the Fermi 

level Ihe range of energies over which the shift of population occurs is of 

the order of kT from the Fermi level. At any temperature the distribution 

is symmetrical about E F ; that is, 1 — / for an energy A E below E F is 

equal to / for the energy which is A E above E, . The position of the Fermi 

level will be determined by the number of electrons and states available. 

At temperatures T > 0, the symmetry of the function (1.17) shows that 
h F is the energy for which/ = i. 

In Figure 1.16 a plot is shown of the density of states, (1.12), for the free 

* In semiconductor work, a modified distribution function is often used which 

introduces a factor of r 1 in front of the exponential in the denominator, where g is 

a statistical weight factor. Thus a simple donor can be occupied by an electron of 

either spin, but once occupied cannot be occupied further by an electron of opposite 
spin, for this case g — 2. g is called the “spin degeneracy.” 




SEMICONDUCTOR PRINCIPLES 


25 



Figure 1.15. Fermi distribution function, (a) T = 0°K, (b) T > 0°K 



Figure 1.16. Distribution in energy of free electron states. Ordinate for dashed 
curve is N(E). Ordinates for solid curves ar ef(E) X N(E), for T = 0°K and T > 0°K. 


electron model of a metal, and the filling of these states. At T = 0 all states 
are occupied up to E = E F , and at higher temperatures there is a rounding 
rr of the distribution. As many states above the Fermi level are occupied 
as are unoccupied below it. 

We note that in the “tail” of the distribution, i.e., when (E — E F ) » 
kT, (1.17) reduces to the approximation 


/(£) 


exp 


(E 


E) 


kT 


(1.18) 


and when (E F — E) » kT , to 


f(E) 


1 


exp 


(E - E f ) 
kT 


(1.18a) 


which are the classical Maxwell-Boltzmann distributions. In many semi¬ 


conductor problems these approximations will be valid. When (E 
equals 4 kT , the error introduced is approximately 2 per cent. 


E f ) 


It is of interest to examine more carefully the concept of the Fermi level. 
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We have so far considered it from the statistical point of view. A familiar 
procedure of statistical mechanics, however, allows one to derive thermo¬ 
dynamic quantities from the statistics. The entropy of a system expressed 
in terms of statistics is given by 


S = k In W 


(1.19) 


where W is the thermodynamic probability for the state of the system, 
which is determined by counting the number of ways of distributing the 
particles in the available states. For a Fermi-Dirac system, the change in 
entropy resulting from the addition of one particle to a state of energy E is 


dS = k In 


‘) 


( 1 . 20 ) 


From (1.17) we then obtain 


dS 


E 


E 


T 


( 1 . 21 ) 


The total differential of the entropy change for the addition of dN particles 
at energy E may be written as 


dS = ^ 


as 

dN 


dN + 


E . V 


\dEj N . 


dE 


( 1 . 22 ) 


where N is the total number of particles. Comparing this with (1.21), (and 

noting that energies in equations such as (1.21) are “one-electron” energies, 

i.e., they represent the change in energy associated with the addition of one 
electron to the system), we see that 


dS 

dN 




EJT 


(1.23) 


and 


\dEJ K . 


T 


(1.24) 


By definition the electrochemical potential ji is 


dF 

dN 


T 


P . T 


dS 

dN 




(1.25) 


where F is the free energy, so we see from (1.23) to (1.25) that the Fermi 

energy , E F , is just the electrochemical 'potential , or partial molar free energy 
per electron. 

This result is easily understandable physically. Consider two systems 
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in equilibrium. Thermodynamically we expect them to exchange particles 
(electrons in this case) until their electrochemical potentials are equal. 
From the point of view of Fermi statistics, the transfer of particles from one 
system to the other, which fills states of lower energy in one system by 
emptying higher-lying filled states in the other system, will proceed until 
the distributions over energy in the two systems match, i.e., the Fermi 
levels are equal. 

We will continue to use the term “Fermi level” throughout this book, be¬ 
cause it is the term used in the semiconductor literature, although it will 
frequently be helpful for chemists to recall its identity with the electro¬ 
chemical potential. 

Fermi-Dirac Statistics Applied to Semiconductors 

In many kinds of experiments done on semiconductors, it is of funda¬ 
mental importance to be able to determine the state of occupancy of the 
various allowed electronic states. The occupancies depend upon the num¬ 
ber and distribution in energy of the allowed states, the position of the 
Fermi level, and the temperature. To illustrate how these quantities are 
related to the occupancy of states, we will consider a semiconductor with a 
certain density of donor levels, N D , all at the same energy, and a smaller 
concentration of acceptor levels, N A , also at one energy, as in Figure 1.17. 
Shockley 1 has described this problem in detail; the main features of his dis¬ 
cussion will suffice for our purposes. 

The first task is to see how the position of the Fermi level can be found. 
We note that ionized acceptors are negatively charged, and that their con¬ 
centration is (N A — p A ) where N A is the total concentration of acceptor 



Figure 1.17. Possible distribution of energy levels for a typical semiconductor 
full lines). Dashed lines show how conduction and valence band states may be re¬ 
placed by a set of levels at one energy ( N c , N v ). 
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centers, and p A is the concentration of holes on acceptor centers.* The total 
density of negative charges is thus n + (N A - p A ). Similarly, the total 
density of positive charges is p + (N D - n„), where N„ is the density of 
donor centers, and tid is the density of electrons on donor centers. The con¬ 
dition of charge neutrality then requires that 

n + (N a - p A ) = p + ( N d - n„) (1.26) 

The total number of electrons in the conduction band and in donor centers 
is determined by the position of the Fermi level. Thus 


n + n D = J f(E)N(E ) dE (1.27) 

where f(E) is the Fermi distribution function, N(E) dE gives the number 
of quantum levels in the energy range dE, and the integration is carried 
out over the donor levels and the lower part of the conduction band. A 
similar expression can be written for p + p A . Since N D and N A are 
presumed to be known, and since N(E) is determined by the nature of the 
semiconductor, the only unknown in (1.26) is E F , so in principle, as least, 
the problem of determining E F is solved. 

The number of electrons in donor centers is given by 

n D = N D f(E D ) (1.28) 

where f(E D ) is the value of the Fermi function at E D . The number of con¬ 
duction band electrons is given by 

n = / f(E)N{E) dE (1.29) 


where N(E) is the density of levels in the conduction band, and the inte¬ 
gration is carried out over the lower part of the conduction band. When the 
density of states given by (1.12) is substituted into (1.29), and the integra¬ 
tion carried out, the result obtained is 



It can be seen that the conduction band can be treated as though it were 
made up of states, localized at the energy corresponding to the bottom of 


the band (since at ordinary temperatures and carrier concentrations only 
these states will be occupied), and with a density of states given by 


N, 


9 /2tt m*kT\ 

2 \—hT- 


3/2 


(1.31) 


* Note that a “hole on an acceptor” is simply a convenient way of describing, for 
mathematical purposes, an un-ionized acceptor. 
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Figure 1.18. Determination of Fermi level position in germanium, assuming T = 

300 K, N D = 10 15 cm -3 , N A = 10 14 cm~ 3 , (for electrons) = 0.25 m, and for holes, 
= 0.3 m. Charge neutrality requires E F be at the position for which p + N D + p A 
= n + N A + n D , as indicated. ( After Shockley. 1 ) 


These are indicated in Figure 1.17. The value of N c , determined by knowl¬ 
edge of n and f(E), can be used to determine a “density of states” effective 
.nass, m . In Chapter 8, the relation between effective masses determined 
in different kinds of experiments will be discussed in detail. It is of interest 
to note that if one takes m w = m, (1.31) gives N c = 2.4 X 10 19 cm -3 at 

300°K. This is less than 10 3 of the atomic density. Expressions similar to 
(1.28), (1.30), and (1.31) can be written for p A , p and N v . 

Again following Shockley, 1 we will show how the foregoing can be applied 
.n a specific example. Taking germanium, with an energy gap at room tem¬ 
perature of 0.66 ev,* E c - E D = E A - E v = 0.01 ev,* N D = 10 15 cm" 3 , 

A ^ = 10 1 cm 3 , and m (N) for electrons as 0.25 m and for holes as 0.3 m, we 
have the concentrations of charges shown in Figure 1.18. n, n D , p and p A 

determined by (1.28), (1.30), and the corresponding expressions for p 
and p A , are plotted as a function of E F . The heavy full line gives p + N D + 
p A , and the heavy dashed line gives n + Na + n A . The charge neutrality 

These numbers are not quite those used by Shockley, but agree with the cur¬ 
rently accepted experimental values. 
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condition (1.26) then gives the position of the Fermi level, as the intersec¬ 
tion point of these two curves, 0.21 ev below the conduction band. 

The temperature variation of n (or p) may be seen in the following way. 
We consider only the region of partial ionization of the donors (or acceptors) 
so that n < N D (or p < N A )- Taking first the case of n-type material, 
(Nd > N A ), the rate of loss of electrons from donor centers to the conduc¬ 
tion band is proportional to the number of filled donors (N D — N A — n) 
and to the number of empty conduction band states (N c ), thus it is given 

by 

hN.i.Nn - N a - n) 

The rate of return of electrons to the donors is proportional to the number 
of electrons in the conduction band (n), and to the number of empty donor 
states, {N A + n), each of which must be counted twice, however, as there 
are two possible ways for the electron to enter it (spin up or spin down). 
This rate, then, is 

k 2 n[2(n + N A )] 


At equilibrium these rates are equal, so that 


n[2(n + N a )] 

N c (N d - Na - n) 



(1.32) 


where K is the equilibrium constant, a function only of temperature. In 
the classical approximation it is given by 



We now consider two approximations to (1.32). If n « N A 
duces to 




exp ( E d — E c )/kT 


(1.32) re- 


(1.34) 


making use of (1.31) and (1.33). Thus a plot of In (nT~ m ) against 1/kT 
will be a straight line in this region, with a slope equal to the (negative of 
the) ionization energy (E c — E D ). 

In a second approximation to (1.32), we assume n » AT . This might 
occur, for example, when the acceptor impurity concentration is very low. 
(1.32) then reduces to 



or 

n = (N c N d ) 1/2 exp (E d — E c )/2kT (1.36) 


In this case the exponential involves only half the ionization energy. 
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Figure 1.19. Temperature dependence of carrier concentration for a silicon sample 
showing E A — E v = 0.046 ev, N A = 7.4 X 10 14 cm -3 (presumably boron), No = 1.0 X 
10 11 cm -3 . ( Unpublished data of F. J. Morin). 

Equations may be derived for hole concentrations in a similar way, which 
are completely symmetrical to (1.34) and (1.36). 

These equations may also be derived in a simple way from equations 
(1.17), (1.28), and (1.30). 

In Figure 1.19 an example is shown where regions corresponding to both 
approximations, (1.34) and (1.36), are clearly defined. It may seen be that 
the slope of the curve is halved as n increases beyond N A . It usually hap¬ 
pens that only one of these regions is observed experimentally over an ap¬ 
preciable straight line region. 

The variation of Fermi level with temperature, (for the numerical ex¬ 
ample discussed in connection with Figure 1.18), is shown in Figure 1.20. 
At T = 0, 

n D = N d - N a (1.37) 

and the Fermi level lies at E D , as these donor states are partially occupied. 
If N A were equal to zero, the Fermi level at T = 0 would lie half-way 
between E c and E D ; experimentally, this situation cannot be realized, how- 
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of Fieure 11* ° f Fermi le , Vel with temperature for the germanium sample 

ot figure 1.18. The energy zero is taken at the midpoint of the gap. 


ever). At slightly higher temperatures the donors begin to supply electrons 

? “ d ;;° n band ' At first the Fermi level rises - accordance with 

(1.30) That this is reasonable, for the example chosen, can be seen from the 

fact that the donor states are more than half full, so E F lies above E D As 

the states are emptied, by further increases in the temperature, the Fermi 

levei reaches a maximum and henceforth drops with rising temperature. At 

sufficiently high temperatures the donors are essentially all ionized with 



1 ns condition is termed “saturation,” or “exhaustion,” and is reached 
when E f falls below E D by several times IcT. E F must continue to fall in 

e exhaustion region, m order to keep n + n D essentially constant. Finally 

at still higher temperatures, when E F approaches to within a few kT of the 

middle of the forbidden gap, appreciable numbers of carriers are excited 

across the gap, and the intrinsic region is entered, with E F near the mid- 
point of the gap. 

A plot of » vs. {E - E f ) , as given by (1.30), (or of the exactly similar 

f vs {E F -E v )) is shown in Figure 1.21. A knowledge of n, of course, leads 

to a knowledge of E F , and vice versa, as long as N c may be assumed to be 
known, for example by (1.31). 

One further point of interest in semiconductor problems arises when the 
carrier concentration becomes very large. When the concentration of say 
electrons in the conduction band is so high that the Fermi level lies above 
t e bottom of the conduction band, the semiconductor is said to be “de 
generate.” Carrier concentration is essentially independent of temperature 
m a degenerate semiconductor, and its conduction is much like that of a 
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( 9irmkT \ 3/2 

——— J exp (— | E f — E | /kT) vs. \E-E F \ for several 

temperatures. The ordinates give approximate values of n and p as functions of 
(E f — E e ) and (E v — E F ), in accordance with Eq. (1.30). This approximation is 
poorest in the upper left hand corner. 

metal. The dividing line between degenerate and nondegenerate semi¬ 
conductors is called the “degeneracy concentration.” This concentration is 
a function of temperature, so that the onset of degeneracy may also be 
described by a “degeneracy temperature.” In the degeneracy region Fermi 
statistics must be used, and the classical approximation (1.18) will not be 
valid. 

The product of n and p, as given by (1.30) and its counterpart for p, is 

up =N C N V exp (E v - E c )/kT (1.39) 

This is the law of mass action, expressed earlier by (1.15). The activation 
energy is the forbidden gap, E G = E c — E v . At high temperatures, when 
E F lies near the middle of the gap, 


n = p = rii = pi 


( 1 . 40 ) 
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so that 

m = {N C N V exp (E v - E c )/kT) m (1.41) 

CARRIER BEHAVIOR 

The discussion of semiconductor statistics in the preceding section en¬ 
ables us to consider now how experimentally observable quantities relate to 
carrier concentration. 

Electrical Conductivity 

The conductivity provided by conduction electrons will be determined 
by the number of electrons, and the ease of their movement in an applied 
electric field. The latter is described by their “mobility,” which is the drift 
velocity of the carriers in cm/sec in a field of 1 volt/cm. Thus 

<Tn = Unqn (1-42) 

where a n is the conductivity due to the electrons in (ohm cm)~ J , fi n is in 
cm 2 /volt sec., and q is 1.60 X 10 -19 coulombs. 

The conductivity due to holes is 

<r p = p P qp (1-43) 

and the total conductivity is 

a = - = q(ii n n + p p p) (1.44) 

P 

where p is the resistivity. Often either n or p predominates, and one of the 
terms on the right hand side of (1.44) may be neglected. In some mate¬ 
rials a large difference between \i n and produces this result also. 

The temperature dependence of the conductivity of semiconductors is 
one of the most striking and characteristic of their properties. In Figure 
1.22 the behavior of some arsenic-doped samples of silicon is shown. The 
principal changes in the conductivity of a given sample, with tempera¬ 
ture, result from changes in carrier concentration, although the mobilities 
also vary with temperature. At low temperatures the conductivity is low, 
because most of the carriers are frozen out on the donor centers. As the 
temperature rises, the degree of ionization of the donors increases, and the 
rising carrier concentration, as expressed in Eq. (1.34), results in a rapidly 
increasing conductivity. At around 100°K the conductivity reaches a 
maximum, because of complete ionization of the donors. At considerably 
higher temperature a very steep rise in the conductivity occurs, due to the 
onset of an appreciable intrinsic conduction. The drop in conductivity with 
rising temperatures, above 100°K and below the intrinsic range, is in the 
region of saturation, i.e., the carrier concentration is constant and equal 
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Figure 1.22. Temperature dependence of conductivity for arsenic-doped silicon 
samples. {After Morin and Malta. n ) 

to Nd — N a • The reason for the drop lies in the temperature dependence 
of the mobility. In this range of temperatures, the mobility of the carriers 
decreases with rising temperatures due to “lattice scattering.” The increas¬ 
ing thermal agitation of the lattice leads to a shorter distance for the car¬ 
riers to travel between collisions with the lattice, and the carriers travel 
faster at higher temperatures, thus shortening the time between collisions; 
these factors both serve to decrease the mobility. Theoretically it is ex¬ 
pected under certain assumptions, that in the lattice-scattering range the 
mobility should go as T~ 3/2 . Experimental results usually give a somewhat 
different exponent, as will appear in later chapters. 

Sample 140, which shows little change in conductivity over a wide range 
of temperatures, is degenerate, because of the high concentration of arsenic, 
$nd of conduction electrons, in this sample. Sample 126 will be discussed 
in Chapter 8. 
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- w 

The behavior of p-type samples, doped with boron for example, is en¬ 
tirely similar to that shown for the n-type materials in Figure 1 22 

1 he lattice scattering mentioned above is one of the two principle mech¬ 
anisms that limit mobility. At high impurity concentrations, or at tempera- 

mohil t° W T° U f , 1° that lattlCe SCatterinK does not predominate, the 
ity is limited by scattering by impurity centers. Ionized impurities 

are very much more effective than are neutral impurities. In the ionized 
impurity scattering region, ^ varies as T z ' 2 

In lato chapters it will be Men that the behavior of conductivity and 

, T y be "7', mu< ' h l,l,,r " complicated than has been indicated, 

although the general features of the behavior shown in Figure 1.22 are 
rather basic to semiconductors. 

Hall Effect 

menrofRl^f t0 ° 1S “ semiconduc tor work is the measure- 

ment of Hall effect Conductivity measurements alone give information 

out the product of mobility and carrier concentration (1.42 to 1 44) but 
do not serve to separate these quantities. The additional information pro¬ 
vided by Hall effect measurements enables one to determine these quanti- 
ties separately. ^ 

The experimental arrangement for a Hall effect measurement is shown 
schematically in Figure 1.23. A current is passed through the material, and 
a magnetic field is applied at right angles to the direction of current flow 
A transverse voltage develops, the sign of which depends upon the material 
being investigated. The voltage is proportional to the current and the 
field, and inversely proportional to the thickness in the direction of the 
magnetic field. The proportionality constant is called the Hall coefficient, 


10~ s RIH 

t 


V 


(1.45) 
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where / is in amperes, H in gauss, t in cm, V in volts, and R in cm 3 /cou- 
lomb. 

The physical basis for the Hall voltage lies in the fact that the magnetic 
field causes the carriers to travel in curved paths. The resulting tendency 
of carriers to pile up on the side of the specimen leads to the buildup of 
the Hall voltage, in order to counteract this transverse flow of current. By 
applying the conventional rule to the interaction of the current flow with 
the magnetic field, it can be seen that for the case shown in Figure 1.23, 
if the material is n-type, electrons flow from right to left in the specimen, 
and tend to move up in the magnetic field. The top develops a negative 
potential to oppose this motion. For p-type material, holes move from left 
to right, and also tend to move to the top, which consequently develops 
a positive potential to oppose any such transverse flow of holes. We see, 
then, that the sign of the Hall coefficient differentiates n and p-type semi¬ 
conductors. 

The interpretation of the Hall effect in terms of carrier concentration is 
easily seen. At equilibrium the net force exerted on the carriers perpendicu¬ 
lar to the direction of their flow down the length of the specimen is zero. 
In the direction of the Hall voltage, the force exerted by this emf just 
balances the force exerted by the magnetic field on the carriers, thus 



(1.46) 


where c is the velocity of light, v x the particle velocity in the x direction, 
and cgs. units are used. The current density in the x direction is I/at, so 
that 


v x = I/nat (1.47) 

where n (or p) is the electron (or hole) density. Therefore 

qV/a = IH/cnat (1.48) 

where all quantities are expressed in cgs. units. Converting to practical 
units and substituting the value of c, we have 

V = 10 ~ 8 IH/nqt (1.49) 

Comparison with (1.45) shows that 

R= — \/nq (negative for electrons) (1.50) 

The corresponding expression for holes is 

R = 1/pq (positive for holes) 
where q = 1.60 X 10 -19 coulomb. 


(1.51) 
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F ig ure 1.24. Temperature dependence of Hall coefficient for arsenic-doped silicon 
samples. (After Morin and Maita. 12 ) 

1 he product of Hall coefficient and conductivity gives the mobility 


Ra 




To be accurate, this is only true in the high (magnetic) field limit, as the 

R<j product really defines the so-called “Hall mobility,” . The ratio of 

Hall mobility to “conductivity mobility,” the quantity which is to be used 

in (1.42 to 1.44), may differ slightly from unity at low fields. This arises 

from the fact that the carrier relaxation time, r (1.13 to 1.14) enters into 

the theories for the Hall effect and for conductivity in a slightly different 
manner. 

In Figure 1.24 are shown measurements of the Hall coefficient as a func¬ 
tion of temperature for the same arsenic-doped silicon samples as are shown 
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Figure 1.25. Temperature dependence of carrier concentration for arsenic-doped 
silicon samples. (After Morin and Malta. 12 ) 


:n figure 1.22.* In Figure 1.25, the electron concentration has been evalu¬ 
ated from R using (1.50). The increase of n with temperature is clearly 
'hown, with the leveling out expected in the saturation region, where 
ionization of the donors is complete. The slopes of the curves of In n vs. 
1 T give the ionization energy of the donor, i.e., (E c - E D ), in accordance 
with (1.34). The data shown in Figure 1.25 give a value of .049 ev, for 
arsenic in silicon. As (N D — N A ) is determined by the value of n in the 

* Discussion of sample 126 will be given in Chapter 8. 
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Figure 1.26. Schematic diagram of the measurement of Seebeck voltage (thermo¬ 
electric power). 

saturation region, a curve fitting process may be used to determine the 
final two unknown quantities in 1.34, namely m (A) and N A • 

Seebeck Effect 

Another important method for studying semiconductors is the measure¬ 
ment of Seebeck effect, or thermoelectric power, as it is often called. Figure 
1.26 shows schematically this measurement. A temperature difference AT 
between the ends of a specimen gives rise to an emf of QAT millivolts. 
This defines Q, the thermoelectric power (in units of millivolts/degree). 

The significance of the thermoelectric power can be seen easily. To show 
this, we consider the Peltier effect, which is the inverse of the Seebeck 
effect. When a current is passed through a semiconductor, heat is absorbed 
at one semiconductor-metal junction, and it is liberated at the other. The 
Peltier coefficient tt is expressed as joules of heat absorbed or liberated 
reversibly per coulomb of charge passing through the junction, and there¬ 
fore it has the units of voltage. The Seebeck and Peltier effects are related 

by the Kelvin relationship 


QT 


(1.53) 


where Q is in volts deg - . 

Figure 1.27 shows a semiconductor, with metal contacts, in an applied 
field. The energy bands in the semiconductor and the Fermi level slope to 
the right because of the applied potential difference, which causes (conven¬ 
tional) current to flow from right to left, that is, the right hand junction 
is positive in the conventional sense. Electrons, of course, flow from left 
to right. The semiconductor is shown as n-type, i.e., the Fermi level lies 
in the upper part of the forbidden gap. Electrons trying to flow into the 
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METAL 



(a) 



Figure 1.27. Energy bands showing origin of the Peltier effect for (a) n-type, (b) 
^-type semiconductor. 


semiconductor from the metal on the left face an energy barrier equal to 
E c — h F (for the semiconductor). Only those electrons with energy greater 
than this cross the barrier. Thus the metal contact on the left is being 
iepleted of its most energetic electrons. At the right hand junction no such 
•<irrier is presented, and electrons of excessive thermal energy are added 
to the metal at the right. Thus heat is transferred from the left hand metal 


to the one on the right. The sign of the effect is reversed for p-type mate¬ 
rial- In this case, the direction of current flow requires holes to travel from 
r.ght to left. As hole energy increases downward, only the most energetic 
knles can enter the semiconductor on the right, but they experience no 
'arrier to their flow out of the semiconductor at the left hand junction. 
Energy is transferred in this case from right to left. The same type of 
reasoning applies to the Seebeck effect. The mobile charge carriers tend to 
Lnuse from the hot to the cold junction, so that the cold junction acquires 
i potential of the same sign as the carriers. In Figure 1.26 we supply heat 


- the right hand junction and remove it on the left, and the voltage differ- 
results. It can be seen that the signs of the effect for n and p-types 
iown in Figure 1.26 are consistent with the argument developed for the 
Peltier effect. 

The energy transferred from one junction to the other by the carriers, 
in the Peltier experiment, is simply that corresponding to the potential 
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Figure 1.28. Thermoelectric power of two samples each of n and p-type Ge. Curves 
are calculated, points are experimental data. (After Geballe and Hull.™) 

energy barrier overcome by the carriers, E c - E r (or E r - E v for p-type), 

increased by a term which accounts for the transfer of kinetic energy of the 
carriers in moving from a hot to a cold region. Thus 

7T = QT = (E c - E r ) + 2 kT (1.54) 

A measurement of Q, we see, gives directly the position of the Fermi level 

By application of (1.30) this information can be used to derive n or p 

The behavior of n and p-type Ge is shown in Figure 1.28. In the lower 

part of the temperature range shown, the Fermi level can be read off 

directly, in accordance with (1.54). The change with temperature is just 

that expected from, say, Figure 1.20. At higher temperatures, the material 

approaches the intrinsic range, and both holes and electrons contribute to 

the thermoelectric power, with cancelling contributions to the measured 

voltage. More complicated behavior has been observed at very low tem¬ 
peratures (see Chapters 8, 13). 

Comparison of Hall and Seebeck Effects 

The measurements of Hall effect and of thermoelectric power have been 
widely applied m semiconductor work. The interpretation of Hall effect is 
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more straightforward, and it gives more precise results. It is somewhat 
preferable, therefore, when it can be measured. In low mobility materials 
it is sometimes very difficult to measure, however, and thermoelectric 
power measurements can often be made in such cases. The qualitative meas¬ 
urement of thermoelectric power is so simple that it is also very useful for 
determining the conductivity type of a semiconductor, from the sign of 
the effect. 


Nonequilibrium Carrier Behavior 

In many semiconductor applications (for example, transistors) nonequi¬ 
librium concentrations of carriers are encountered. It is of interest, there¬ 
fore, to consider briefly some aspects of nonequilibrium behavior. 

Perhaps the most important nonequilibrium concept is that of lifetime. 
If a nonequilibrium concentration of carriers is introduced, it will decay 
toward the equilibrium concentration. In extrinsic material, if the minority 
carrier concentration is momentarily changed by a small amount from its 
equilibrium value, its decay follows first order kinetics, as the majority 
carrier concentration remains essentially constant. Thus the decay is ex¬ 
ponential, with a time constant called the “lifetime.” 

The recombination process is, of course, always occurring. At equilibrium, 
the rates of generation and of recombination, as shown in Figure 1.10, are 
equal. Under illumination the rate of generation increases, hence both hole 
and electron concentrations increase. This in turn increases the recombina¬ 
tion rate, so that a new steady state concentration of holes and electrons 
is reached, and the generation and recombination rates are again equal. 
The conductivity is higher, because both hole and electron concentrations 
are higher. If the illumination is cut off, the conductivity decays toward its 
original value according to 


o' = (Jd + (<tl — cd) exp 



(1.55) 


where a L and a D are the conductivities in the light and dark, t is the time, 
and r is the lifetime.* This measurement of the decay of photoconductivity, 
after removal of the light source, provides one means for determining life¬ 
times. 

The recombination process may proceed directly, with the electron fall¬ 
ing into the hole and with the emission of a photon to carry off the energy, 
as shown in Figure 1.29(a). Often, however, a more probable recombination 
mechanism is via a “recombination center.” This is a level, usually near 
the middle of the forbidden gap, which provides an intermediate stage in 

* Note that this is not the same as the carrier relaxation time, also denoted by r. 
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Figure 1.29. Recombination; (a) direct, (b) two-stage process through a center. 

a two step recombination process. Its action is much like that of a catalyst 

in an ordinary chemical reaction. In the case shown in Figure 1.29(b), 

where the material is p-tvpe, the recombination centers are mostly empty. 

An electron falls into one of the centers, and then recombines with a hole 

by dropping into the valence band. It sometimes happens that for one stage 

of this process the transition probability is very low. The center is then 

often called a “trap,” as it serves to trap carriers and maintain the non¬ 
equilibrium condition. 

Radiative recombination is called “luminescence.” Luminescence in 
solids is often treated as a separate subject, but one should recognize that 
this arises only from its technological importance. The recombination proc¬ 
esses and centers in practical luminescent materials are complex, and are, 
in general, not well understood. We will not deal with them in this book' 
therefore, except incidentally, although some of the better understood 
properties of important luminescent materials will be treated in more 
detail. Recombination processes that have been investigated in germanium 
and silicon will be treated in Chapter 11 . 

A particularly interesting and basic experiment 14 is the mobility measure¬ 
ment shown in I igure 1.30. A long filament of the semiconductor has an 
electric field down the length of the specimen. A nonequilibrium concentra¬ 
tion of carriers is “injected” at one point of the specimen, e.g., by a pulse 
of light which illuminates only a short section of the filament. If the semi¬ 
conductor is, say, 71 -type, a local concentration of electrons and holes is 
produced in excess of the value specified by (1.15). The minority carriers 
in this case electrons, are swept toward the right hand end of the specimen 
by the electric field. As the pulse of electrons moves, the recombination 
process removes them at a rate determined by the lifetime, and in addition, 
they spread out as a result of diffusion. If the field is high enough, however' 
the carriers in a material like germanium may move several centimeters 
before either process has proceeded too far. The arrival of the pulse at the 
cross arm at some time after the light pulse is applied increases the current 
across this arm. The time it takes for the pulse to move a known distance 
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Figure 1.30. Measurement of drift mobility. 

:n the known applied field is a direct measure of the mobility. The rate of 

decrease of the area under the curve representing the arrival of the pulse 

at , ^' e collector with time (e.g., by varying the distance between light source 
and collector) gives the lifetime. 

The phenomenon of injection of minority carriers, at a nonequilibrium 

concentration, is basic to transistor physics. The example shown in Figure 

i.30, is of injection by light. Injection may also occur from certain metal- 

semiconductor contacts, and from p-n junctions. The next section discusses 
the latter. 


JUNCTIONS 

It is not the object of this book to deal with transistor physics, which 

Ls adequately dealt with elsewhere. 1 ' 3 ' 4 ' 6 On the other hand, the p-n junc- 

-:on has many uses in the study of basic semiconductor phenomena, and it 

71111 be of interest to see how transistor action results from junction behav¬ 
ior. 

The p-n Junction 

If, within the same single crystal, there are adjacent regions of n and 
p-type semiconductor, the resulting boundary is called a “p-n junction.” 

An a-type material contains mobile negative charges (conduction elec¬ 
trons), and an equal concentration of fixed positive charges (the ionized 
lon ors). p-type material contains mobile positive charges (holes), and 
faed negative charges (ionized acceptors). With the two regions in contact, 
the mobile electrons and holes might be expected to flow out of the n and 
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Figure 1.31. p-n junction; (a) equilibrium condition, (b) forward bias, (c) reverse 
bias, p region is on the left, n region on the right. 


p-type regions, respectively, across the junction, because of the concen¬ 
tration gradients for these species. On the other hand, this flow leaves the 
n-type region with a net positive charge, and the p-type region with a net 
negative charge, thus establishing a field in a direction which opposes fur¬ 
ther flow. At equilibrium this field just balances the effect of the concentra¬ 
tion gradient, as shown in the top of F igure 1.31(a). The net charges appear 

in the regions immediately adjacent to the junction, and the field appears 
in this space-charge region. 

The Fermi levels in the p and n regions must be equal at equilibrium, 
and this establishes the magnitude of the electrostatic potential difference 
between the two regions. Electrons and holes are constantly being generated 
in both regions and recombining at an equal rate. Some of the most ener¬ 
getic electrons in the n-region cross the potential barrier into the p-region 
and this forward flow of electrons is designated as I f . At equilibrium, an 
equal number of electrons cross the junction in the opposite direction, the 
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(After 


soiirce of these in the p-region being thermal generation (/„). Thus there 
is no net electron current across the junction, and likewise, no net hole 
current. If a positive potential is applied to the p-region, the effect is as 
shown in Figure 1.31(b). The potential barrier between the two regions is 
.owered, and the forward currents of both holes and electrons are greatly 
increased. 1 he currents arising from the generation of minority carriers 
remain the same, and so there is a net flow of current across the junction, 
with contributions from both holes and electrons. This is called the condi¬ 
tion of “forward bias.” If the p-region is made negative with respect to 
the n-region, the potential barrier becomes much higher, and I f drops to 
a very low value for both kinds of carriers. A net current flows due to I „, 
but it is much smaller than in the forward bias. It is seen, therefore, that 
the p-?i junction is a rectifier, i.e., the current passed varies in magnitude 
depending on the polarity of the applied voltage. The ratio of forward to 
reverse current may be very high—e.g., in silicon rectification ratios of 10 6 
can be achieved, as shown in Figure 1.32. 

The p-n junction illustrated is one in which the hole concentration on 
'he p side is approximately the same as the electron concentration on the 
"ide. This need not be the case, of course. If, say, the n side is much 
more heavily doped than the p side, the higher electron concentration gives 
to much higher electron currents across the junction than hole cur¬ 
rents, in the condition ot forward bias. The junction thus serves to inject 
electrons into the p-region. 

It may be shown that the current across the junction is approximately 


I = I s [exp ( qV/kT) 


1 ] 


(1.56) 
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Figure 1.33. pnp transistor: (a) biasing to produce amplification; (b) energy bands 
with no bias; (c) energy bands with biasing shown in (a). 

where /„, the “saturation current” is the current flowing in reverse bias 
(the sum of the I g ’s for holes and electrons), and V is the applied voltage. 

The Junction Transistor 

We will discuss very briefly the operation of a junction transistor, to 
show how amplification may be achieved. In Figure 1.33 is shown the pnp 
transistor, a device that has been made using both silicon and germanium. 
A single crystal contains two p-type regions, separated by a thin layer of 
n-type material. In (b) the energy bands are shown for the condition where 
no bias is applied to either junction. If the biasing shown in (a) is applied, 
the energy bands change as shown in (c). The left hand junction is biased 
in the forward direction and is called the “emitter junction,” because under 
this bias condition electrons are emitted, or injected, into the p-region, 
and holes are emitted into the 77-region. If the emitter p-region is more 
heavily doped than the n-type “base” region, the hole current across this 
junction predominates. The right hand junction, however, is reverse biased. 
Any minority carriers reaching this junction flow across it easily, as they 

are flowing down hill energywise in so doing; for this reason it is called the 
“collector junction.” 

Now consider the holes flowing into the base region from the emitter 
junction, as they diffuse across the base region. Since they represent a 
nonequilibrium minority carrier concentration, they are steadily removed 
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' y recombination. However, if the length of the n-region is short, so that 

the transit tlme across the region is small, and if the lifetime of minority 
earners in the base region is sufficiently long, most of the injected holes 

will reach the collector junction before they recombine, and will appear 
as current across this junction. It is seen, then, that by a proper choice of 
resistivities and biasing, a current of holes may be injected from the emitter 
-cross the base and into the collector. A change in the bias across the emit- 
:er J unctl0n produces a large change in the emitter current, as indicated by 
(1 • o6) ' A sl S llal appearing in the emitter circuit thus gives rise to nearly 
equivalent current changes in the collector circuit. The emitter junction 
"mg forward biased, represents a low impedance, however, while the re- 

erse 1)iased collector junction is a high impedance. A large voltage and 
power gam is achieved from the device. 
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CHAPTER 2 


SURVEY OF SEMICONDUCTOR CHEMISTRY 

J. J. Lander 

INTRODUCTION 

In Chapter 1, which is concerned with the more important physical 
concepts used to describe electronic semiconductors, states ‘frozen-in’ with 
respect to chemical processes are assumed. This is practical since it is pos¬ 
sible to observe in many materials electronic processes unaccompanied by 
chemical changes through a very wide range of conditions. The purpose of 
this chapter is to introduce the chemical background of the subject and to 
provide a survey of some of the problems in semiconductor chemistry which 
are dealt with in more detail in later chapters. 

Varieties of solid substances which exhibit electronic semiconductivity 
are discussed in the first section of this chapter. These substances are the 
solvent species of semiconductor chemistry. Their properties are obtained 
by a limiting process in which crystals of increasing perfection are studied 
and in two cases, silicon and germanium, this process has been carried very 
far indeed. The classification of solvents is not carried beyond the broadest 
groupings of elements and compounds found in the literature. 

Varieties of atomic imperfections (vacancies, interstitials etc.) are dis¬ 
cussed in the second section. These, together with electrons and holes, are 
the solute species of semiconductor chemistry. Many kinds of electrically 
active imperfections can occur in semiconductors and some properties of 
semiconductors are extremely sensitive to imperfections. The description 

of their properties in various solvents makes up the largest part of semi¬ 
conductor chemistry. 

The last section contains a survey of chemical theory pertaining to semi¬ 
conductors. I or the most part this is a straightforward extension of the 
theory of chemical solutions to a description of interactions of imperfec¬ 
tions with each other and with the solvent. Some of the many challenging 
problems which exist in the field will be outlined in later chapters. 

Although the primary emphasis in much of this book is given to the inter¬ 
pretation of chemical phenomena observed in semiconductors, a broader 
point of view should be kept in mind. The study of semiconductors has 
added enormously to our knowledge of the chemistry of solid solutions. 
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INTRINSIC SEMICONDUCTORS 

The ideal pure solvent may be thought of as a region inside a large per¬ 
fect crystal. It is defined as an interior region because surfaces have proper¬ 
ties which can determine behavior deep inside the crystal, for example, by 
space charge or charge carrier recombination effects. The ideal semiconduc¬ 
tor crystal is visualized as perfectly ordered with every lattice site occupied 
by its proper atom, and no interstitials or dislocations. Such a crystal would 
not exhibit many of the properties which make semiconductors interesting 
and useful. At sufficiently low temperatures it would be an insulator. At 
higher temperatures it would be an intrinsic semiconductor with electrons 
and holes in solution, and with a capacity for dissolving atomic imperfec¬ 
tions. However, any deviation from this ideal crystal is an imperfection. 
In real semiconductors imperfections are present and are responsible for a 
wealth of “semiconductor properties.” 

These solvents are difficult to classify in detail because only a few have 
been studied thoroughly. Some early schemes must be regarded as too 
narrow and interpreted as the result of a particular set of experimental 
conditions of historical or technical or academic interest. Thus semiconduc¬ 
tors described for a long time as n-type have since been persuaded to ex¬ 
hibit p-type conductivity, and the concept of “controlled valency” (p.19) 
first applied in a limited way can be considered to have a very broad range 
of application. For reasons such as these a detailed scheme of classification 
has not been attempted. It does, however, seem worthwhile to provide a 
general survey of the kinds of materials which may be classified as semi¬ 
conductors and to describe those properties which are related to semi¬ 
conductor behavior. 

Discernible in the literature are the following general classes of solid 
compounds which are nonmetallic conductors: a main group of inorganic 
elements and compounds containing (1) a group in which bonding is pre¬ 
dominantly covalent, and which joins smoothly with (2) a group of com¬ 
pounds in which bonding is predominantly ionic; (3) d-band semiconduc¬ 
tors, (4) organic semiconductors. 

In addition we note that there are a number of compounds in which 
conduction is predominantly by ions under normal conditions, for example, 
alkali halides; as far as their electronic conductivity is concerned, these 
materials fall into the above groups. By far the largest part of this book is 
concerned with the main group of inorganic semiconductors, although both 
d-band and organic semiconductors are treated in later chapters. Substances 
in which conduction is primarily by ions are discussed in this chapter briefly 
and in relation to their electronic conductivity. Although electronic conduc¬ 
tion has been observed in liquids, data are meagre and have not been in¬ 
cluded. 
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The Main Group 

We consider the covalent elements and compounds together with ionic 
compounds of the main group because their energy gaps and related prop¬ 
erties will be compared. These are listed in Tables 2. L and 2.2 which contain 
many of the simple substances of the two types of materials. The extreme 
members of the group are the Group IV elements, which have the highest 

Table 2.2. Table of Band Gaps 


(see notes for Table 2.1) 


II-IV 


I-V 


V-VI 


Mg 2 Si 

0.7-0.8 

KSb 0.9 

As 2 Se 3 (ample) ~1 

Mg 2 Ge 

0.6-0.7 

K 3 Sb 0.8 

As 2 Te 3 ~1 

Mg 2 Sn 

0.2 

CsSb 0.8 

Sb 2 S 3 1.7 

Mg 2 Pb 

(Metal) 

Cs 3 Sb 0.5-0.6 

Sb 2 Se 3 1.2 

Ca 2 Si 

1.9 

Cs 3 Bi 0.5-0.6 

Sb 2 Te 3 0.3 

Ca 2 Sn 

0.9 


Bi 2 S 3 1.3 

Ca 2 Pb 

0.4-0.5 


Bi 2 Se 3 0.35 




Bi 2 Te 3 0.15 

II-V 

III-VI 

Chalcopyrites 

ZnSb 

0.56 

A1 2 0 3 ^7 

CuA1S 2 2.5 

CdSb 

0.48 

ln 2 0 3 

CuInS 2 1.2 

Mg 3 Sb 2 

0.8 

In 2 S 3 

CuInSe 2 0.92 

Mg 3 Bi 2 

(Metal) 

In 2 Se 3 

CuInTe 2 0.95 

Zn 3 As 2 

0.9-1.1 

In 2 Te 3 2.5 

AgInSe 2 1.18 

Cd 3 P 2 

0.5-0.6 


AgInTe 2 0.96 

CCI 3 AS 2 

0.5 





IV-VI 

Ternary, NaCl Type 




(High-Temp. Form) 



Si0 2 

Cu 3 SbS 3 ~1.0 



Ge0 2 

Cu 3 AsS 3 ~1.0 



PbS 0.37 

AgSbSe 2 M).7 



PbSe 0.27 

AgSbTe 2 ^0.6 



PbTe 0.33 

AgBiS 2 


.3 


AgBiSe 2 

AgBiTe 2 


Sources 


Groups II-IV, II-V, I-V 

B. Pincherle and J. M. Radcliffe, Adv. in Phys., 5, 275 (1956). 

Group V-VI 

J. Black, E. M. Conwell, L. Seigle, and C. W. Spencer, The Phys. and Chem. of 
Solids, 2, 240 (1957). 

Chalcopyrites 

I. G. Austin, C. H. L. Goodman, A. E. Pengelly; Nature, 178, 433 (Aug. 1956). 

C. H. L. Goodman and R. W. Douglas; Physica, 20, 1107 (1954). 

NaCl Type (and others not listed) 

J. H. Wernick, S. Geller, and K. E. Benson; in The Phys. and Chem. of Solids (to 
be published, 1958). 
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degree of covalent character, and the alkali halides which have the highest 
degree of ionic character. The latter are not ordinarily considered to be 
semiconductors because their electronic conductivity is normally extremely 
low. The value of the energy gap is the only semiconductor property which 
is known even approximately for a great many materials. It is a basic 
parameter and is often easily measured. However, many of these values may 
be in considerable error because of such factors as lack of understanding of 
the optical absorption process often used to measure the “gap,” control of 
sample purity, etc. Except for the bold face figures the numbers given should 
not be taken too seriously. Other properties, such as electron and hole mobil¬ 
ities, impurity ionization energies, and heats of solution and diffusion co¬ 
efficients of atomic imperfections, can be given only for representative exam¬ 
ples of semiconductors. 

The two electronic energy levels defining the band gap are the top of 
the valence band and the bottom of the conduction band and, as we have 
seen in Chapter 1, the magnitude of this gap is related to the nature of the 
chemical bond in the solid in a fundamental way. Accurate calculation of 
band gaps is not yet possible, but one expects to find useful empirical rela¬ 
tions between band gaps and basic bond parameters such as bonding char¬ 
acter, energy and interatomic distance. The bonding characteristics of the 
materials listed in Table 2.1 range through covalent and strong (diamond), 
covalent and weak (cc-Sn), mixed (A1P), ionic and strong (LiF), mostly 
ionic and weak (Csl). A number of crystal structures are also represented. 

Each of the Groups IV, V and VI end with metallic elements (lead, bismuth 
and polonium). 

Two strong trends appear in Table 2.1 : 

(1) In substances with a similar degree of covalent bond character and 
the same crystal structure, for example the elements of Group IV, energy 
gaps decrease with decreasing bond strength. Thus diamond has a large 
gap and is an insulator, Si and Ge are typical of useful semiconductors with 
moderate gaps, and a-Sn has a very small gap and is nearly metallic. Pb is 
a metal. Related properties such as interatomic distance, elastic constants, 
melting point and Debye temperature follow the same order. 

(2) In an isoelectronic series, for example InAs, CdSe and AgBr, energy 
gaps increase with increasing ionic character. 


However, these are no more than strong trends. The range of basic 


parameters such as crystal structure, atomic radii and electronic configura¬ 
tions is too wide for any simple rule to hold accurately. Thus BaO has more 


ionic character (according to the Pauling table of electronegatives) and a 
higher binding energy than NaBr but it has a much smaller band gap. 
Similarly ZnO has more ionic character and a higher binding energy than 
ZnS but it has an appreciably smaller band gap. Wit h in the more limited 
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Figure 2.1. Values of Eq plotted against the size of the diamond-type unit cell 
for the Group IV elements and SiC. 

group of diamond-type structures represented in the Group IV elements 
and Group III-V compounds energy gaps are found to be simply related 
to bond character and interatomic distance. 1 ’ 2 Thus the gaps of the ele¬ 
ments of Group I\ increase smoothly as the interatomic distances decrease, 
corresponding to increasing bond strength, as shown in Figure 2.1. 

Electron and hole mobilities are related to the band gap, although only 
qualitative correlations are possible as yet. The highest values are observed 
for materials with very low energy gaps, and electron mobility in InSb at 
room temperature approaches 100,000 cm 2 /volt sec. Where the gap is near 
1 ev (Ge, Si) electron mobility is in the range between 10,000 and 1,000. 
For the more ionic crystals with moderate gaps (ZnO, ZnS) it is near 100 
and for crystals which are largely ionic and have big gaps it is about 10. 
Observed hole mobility ranges from about a half to a hundredth of the 
electron mobility. The decrease in mobility with increasing ionic character 
is largely due to increased scattering by optical modes of lattice vibration 
(polarization waves in which positive and negative ions move in opposite 
directions). Accurate empirical correlations cannot be claimed because 
characteristic mobilities for the intrinsic materials are not known accurately 
for many compounds. This is due to the difficulty of preparing sufficiently 
pure materials. However, in the case of the III-V compounds, experimental 
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results have been obtained for compounds which vary in ionic character 
through a considerable range (Chapter 9). The value of electron mobility 

iv ,, * , mdlcated above marks a maximum for the series. Folberth and 

elker have compared the ratio of electron to hole mobility with atomic 

po arization and observe that the ratio increases with increasing polariza- 

T-™* argue that the incr ease in electron density in the neighborhood 

° f the Grou P v mn should suppress hole mobility more than electron 
mobility. 

Rough data are available for a great many more compounds with com¬ 
position somewhat more complicated than those given in Table 2.1. Exam¬ 
ples of materials which have been studied are given in Table 2.2. Correlation 
between the nature and energy of the chemical binding and the band gap 
can also be found in these materials. Thus the experimental basis for classi- 

■ ing these semiconductors according to covalent or ionic bonding charac- 
er rests on data obtained for a large number of compounds. No sharp 

-;ne separates them either according to chemical nature or semiconductor 
properties. 

Theory explains these characteristic properties in a semiquantitative 
way. Heywang and Seraphin, adopting the atomic orbital approach to 
he interpretation of semiconductor properties, discuss the binding energy 

°f 3 hydrogen ;hke molecule as a function of nuclear separation and nuclear 
harge (see Figure 2.2). The binding energy of the ground state and the 

6rSt eX( ; lte f state of the molecule is given as a function of nuclear separa¬ 
tion and effective nuclear charge 1 + e and 1 - e . The separation of these 

-rates is analogous to the band gap in a solid. Values of e measure ionic 

■ aracter. It is seen that binding energy increases with increasing ionic 

character ! his is an example of the strengthening of the bond by resonance 

between the limiting ionic and covalent states, an approach which Pauling 

has developed extensively to interpret the binding behavior of chemical 
compounds. 

F urther analysis shows that rapid increase in energy gap with increas¬ 
ing ionic character in compounds of comparable binding energy is to be 

'.sociated with the 1PTP.51..Q1 11 (T 1 11 "f OrO i- ATV\ 1 Tro _ /* __ 1 f • 1 • , l • 


--vzw.xxxv, vaiiauuii ui potential wiiri in 

creasing ionic character. Seraphin, 6 adopting the band scheme approach 
discusses ° D- rr • . 




^ --to -“v, uiiuciioiuimi muuei oi a diatomic 

-attice which takes ionic character into account. These results are shown 

m lgure 2 ‘ 3 ' AP 1S a parameter which is a measure of the maximum differ¬ 
ence in potentials centering on alternate atoms which were taken as square 
potential wells. The lattice constant is d. Such a model approximates the 
potential variation perpendicular to (111) planes in the zinc blende struc- 

niro r rh 


x To be published. 
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In a monatomic lattice the wells are of equal depth, in III-Y compounds 
thevalue of A/> is expected to he about 2, and in II-VI compounds about 
4. I he lower two bands shown in the Figure correspond to the valence and 
eoiiduetion bands This model predicts an increase" in E„ with incase in 
P. Relations for the effective masses of holes and electrons can also be 
obtained from the curvature of the bands. These effective masses are found 
to increase with increasing ionic character. The observed minimum which 
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Figure 2.3. The structure of the energy bands in a one-dimensional Penney- 
Kronig model as a function of the potential troughs A P between heteropolar centers. 
The lattice constant is d. 


occurs in the III—\ compounds is not predicted. Further discussion can be 
found in a review article by Welker and Weiss. 6 

d-Band Semiconductors 

In the preceding section the intention was to exclude from consideration 
compounds of the transition elements in which d orbitals are not filled. In 
the first series this includes compounds containing Sc, Ti, V, Cr, Mn, Fe, 
Co, Ni and Cu. Typical compounds are the oxides (MnO, Fe 2 0 3 etc.). 
' dhdes (MnS, FeS etc.) and spinels (Al 2 Fe0 4 , Al 2 Mn0 4 , etc.). The experi¬ 
mental evidence indicates that the compounds of many of these elements 
have semiconducting properties which set them apart from the main group. 
This evidence is reviewed in Chapter 14 where it is concluded that activa¬ 
tion of electrons in the 3 d level often plays an important role in semicon- 
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duetors containing these transition elements. In some of the compounds 
the band is expected to be relatively narrow. As a consequence carriers 

MnO nTo fh f eC J Ve maSS and l0W mbbility ' In oxides such ^ Cr 2 0 3 ^ 
M 112 O 3 AiO the band is extremely narrow. These compounds have hinh 

resistivities when they are sufficiently pure. Conduction can take place In 

citation of an electron-hole pair, represented in NiO by Ni +++ and Ni+ 

r r ot r™ - 

such as substitution of U + foi Ni ++ “ Ulcreased b y chemical means 


JL llXUallC 

Organic Semiconductors 

Many pure organic compounds exhibit relatively weak conduction and 
photoconduction which is probably electronic in nature. In a few cases 
evidence for the sign of the carriers has been obtained. The results indicate 
positive carriers and unfortunately the possibility of proton conduction has 

materials having hio-hl • , gh conductlvltles ar e associated with 

materials having highly conjugated ring structures 

An understanding of conductivity in organic materials is expected to 
have important implications in various fields of organic chemistry with 
biochemistry exerting an especially strong appeal. Theory starts whh the 

proc^D^ 

jj, Chlptlr 15 ° rgamC ^"“lonauetors is reviewed and appraised 

“r°" in Sul "" an “ S N»™«Uy Exhibit Ionic 

It is observed in many substances that motion of charged atomic imner 
fections normally dominates the conduction process. This makes measure 
ment of electronic conduction more or less difficult. From the point of view 
o electronic conduction these substances do not constitute a separate Zs 
of materials and they belong either in the main group among the compounds 
with bonding predominantly ionic, or with the d-band semiconductors 
Some aspects of ionic conduction are discussed below. In the great majority 

tioZrZss. m latCT ChaPt6rS thiS iS n0t the d “t“g conduc- j 

In a general way it is easy to see how conduction by charged atomic I 
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imperfections can exceed electronic conduction. In the simplest case where 
there is one type of singly charged ionic carrier, as well as conduction by 
electrons, the ratio of ionic conduction to electronic conduction is given by 
the ratio of ion density times ion mobility to electron density times elec¬ 
tron mobility. In some materials ion carrier densities are intrinsically high 

• 3 

l(r ions per cm ). In most they can be made high by the introduction of 
Imperfections (10 19 ions per cm 3 ). Ionic mobilities as high as 10~ 8 cm 2 /volt- 


at room temperature are not extraordinarily rare. A rough limit for the 
product is therefore 10 14 . Electron mobility in the same material may be 
of the order of 10 cm 2 /volt-sec. The density of conduction electrons due 
to intrinsic activation will be less than 10 11 at room temperature if the 
energy gap for the material is about 1 ev or more and many materials have 
much higher gaps. The density of electrons due to ionization of imperfec- 
:ions will also be relatively small if their ionization energies are about 1 ev 
r more. Materials in which bonding is largely ionic often satisfy these 
^rmditions. Thus the product of electron density and electron mobility 
falls below the corresponding value for ionic carriers in many materials. 
The separation between the two types of conduction is bridged by many 
processes in which the motions of both ionic and electronic carriers are 
important, for example the diffusion of donors or acceptors in electronic 
^miconductors (discussed in Chapter 6), and oxidation processes in some 
oxides. 

There is an analogy in form between ionic and electronic semiconduction. 
4 »ne speaks of intrinsic and extrinsic conduction, mobilities of charge car- 
s, etc. The chemical treatment of atomic imperfections, their inter¬ 
actions with the solvent material and with each other, follow the same 
procedures. To some extent one can pursue analogies involving transport 
phenomena usefully. 

One may distinguish several types of solid ionic conductors: 

(a) Highly ionic compounds with large band gaps, large ionization ener- 



s for imperfections, and dense structures. Concentrations of imperfec¬ 
tions as high as 10 19 can be produced by thermal treatment or by “doping.” 
Electronic conductivity is negligible unless energetic means of stimulation 


used to produce electronic carriers. Examples are the alkali and alkaline 
earth halides. 

b i Compounds with moderate energy gaps and imperfection ionization 
energies. Electronic and ionic conductivity do not ordinarily differ by many 
rders of magnitude. Examples* are cuprous sulfide and the cuprous 
halides. 

(c) Compounds with crystal structures so open that one type of ion can 

x A note of caution about the interpretation of early data is particularly appro¬ 
priate here. In some cases recent work with better materials and a broader range of 
nental techniques has led to revised interpretations of basic behavior. 
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move through the crystal with relative ease. In this case the concentration 

4 FT tT Ca r r 1S Ug l * 1 ° above the transition at 140°C and 

Ion? h T tranSlti ° n at 34 °° C haVG been interpreted in this way 
Ionic condnctmn increases in both by more than two orders of magnitude 

b0th “ there iS that the silver ions 

A large part of our knowledge of the properties of atomic imperfections 
m these materials has been obtained from studies of ionic conductivity 

hi wh b lmP T b " predominates it is observed that the conduct*-’ 
ty, which is equal to the product of the density of charged imperfections 

Wien- mobihty and the electronic charge transported per imperfection, (see 
Eq. 1.42-1.44 for comparison) is given by the simple exponential relation 


& = Nqn = ^le E,kT 


( 2 . 1 ) 


formation about the density of imperfections and their motions is there- 

fore obtained from the constants A and E. In particular there is a relation 

between the mobility and the diffusion coefficient of a charged particle 
first pointed out by Einstein, which is given by S Petiole, 


n = Dq/kT 


D can generally be represented by an expression of the form 


( 2 . 2 ) 


D„e~ El!kT 


, _ (2.3) 

where ^ is the activation energy for diffusion. N usually has an expo 

nential temperature dependence if the system is not in a “frozen-in” state 

Thus the constant E often contains more than one energy term and the 
constant A contains terms relating to both the diffusion process and the 
concentration of charged imperfections. Measurements on a single material 
lough a wide temperature range generally indicate that a simple mech 

" fOT he e f re rai ^ does “ot adequately describe the behavfor aTdin 
fact departures from simple behavior are often arranged experimentally by 

introducing known imperfections in order to gain additional information 

colcfclty 0 ,™ Wll,Ch ° a " bC 0bt “ inKl fro " « of iomc 

1 . Identities of charged atomic imperfections. 

2 Intrinsic nature of a material with respect to imperfections (identifi¬ 
cation of native imperfections produced thermally) 

«£ coefficients) of < *"* d - — 

4. Equilibrium concentrations of imperfections and heats of solution 

5. Binding energies of imperfections of opposite sign 

For detailed reviews of this subject the reader is referred to work by 
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.Mott and Gurney, Jost, 9 Shockley, 10 Seitz, 11 Hauffe 12 and Dekker. 13 The 
converse problem of observing ionic motion where electronic conduction 
predominates is discussed in other parts of this book, e.g., in Chapter 6. 

.special techniques are used to observe electronic conduction in ionic 
conductors: 


Photoconductivity. Light which is sufficiently energetic to produce 
noles and conduction electrons can often be used to excite electronic con¬ 
duction in ionic conductors. This is historically the first and still the most 
unportant method of observing such conduction. Pohl 14 has reviewed the 
important early work on E-centers (anion vacancies) in alkali halides. 
Accounts of more recent work are to be found in “Photoconductivity Con- 
lerence” and in the review article by Seitz. Kinds of information which 
can be obtained by measurements of photoconduction are: 

(1) Properties of imperfections such as ionization energy, concentration, 
diffusion rates, and nature of interactions with other imperfections. 

gap, and electron 

lobility. 


Irradiation with X-Rays, Cathode Rays or Alpha Particles. Elec¬ 
tronic conduction excited by these means may be qualitatively similar to 
hat obtained by light. Since these radiations are much more energetic, 
•hey produce many more electron-hole pairs per photon or particle In 
contrast with light they also produce atomic displacements much more 
efficiently. It is observed that motion is produced even when they do not 
have sufficient momentum for a direct collision displacement. One hypoth¬ 
esis is that such displacements are initiated at dislocations and proceed 
because of internal electrostatic fields produced by the displacement of 
electrons and holes. Effects of this sort are to be expected in materials in 
which currents produced by electric fields are mostly ionic. 

Electronic Conduction in Polarized Materials. It is possible to 
-elect electrodes and potentials which eventually produce a steady state of 
no net ionic current in which the flow of ions produced by the electric 
-icld is balanced by a reverse flow due to diffusion in a concentration gra¬ 
dient. Under these conditions, it may be possible to measure an electronic 
component of conduction by applying a small a.c. field. The method has 
ocen used by Hebb 1 ' and by Wagner and coworkers to measure hole con- 
luction 111 cu P rous halides, 18 and hole conduction in cuprous sulfide. 19 


Applications 

% 

There are, of course, tremendous differences in the technological impor¬ 
tance of the semiconducting materials discussed above. The transistor field 
is dominated by Si and Ge. The principle materials used for rectifiers are 
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Si, CuO, and Se. Photocells with sensitivity in various spectral regions are 
made from such materials as Ge, PbS, PbTe, Se, CdS, and Ag-O-Cs. 
Thermistors (temperature-sensitive resistors) are made from Ge, B, and 
U 3 0 8 ; and varistors (a non-ohmic resistor) from SiC. Typical phosphor 
materials are ZnS, CdS, ZnO, ZnSi0 3 and MgWO s . The operation of vac¬ 
uum tubes depends on the electron emissivity and conductivity of BaO 
and SrO. Scintillation counters for high energy radiation are made from 
such organic materials as anthracene and stilbene. The importance of the 

application of a material is, to a considerable extent, a measure of our 
knowledge of its semiconducting properties. 

The technological branches of science have a very deep interest in the 

chemistry as well as the physicis of semiconductors. The properties and 

stability of a semiconductor device are often enormously sensitive to traces 

of impurity. Much of the recent rapid progress in our knowledge of the 

chemistry of semiconductor solutions has been stimulated by device re¬ 
quirements. 

IMPERFECTIONS 

The important primary imperfections* from a chemical point of view 
are conduction electrons and holes, vacant lattice sites, interstitial atoms 
and lattice substitutions. Other kinds of imperfections are important in 
the physical behavior of semiconductors. Conduction electrons and holes 
are classed as imperfections because they are produced by a thermal dis¬ 
ordering process; i.e., at 0°K their concentrations would be zero. It is often 
essential to treat them as chemical constituents. The other three are called 
atomic imperfections. Imperfections of increasing complexity arise by asso¬ 
ciation of the primary atomic imperfections. They may all be classed as 
solutes, until the thermodynamics of nucleation theory requires that the clus¬ 
ter be considered as a new phase. The association and precipitation of 
atomic imperfections in semiconductors are phenomena which are difficult 
to study because of complexity, but which can sometimes be measured with 
considerable sensitivity by semiconductor techniques. 

Primary atomic imperfections occur in crystals because ordering forces 
are not strong enough to exclude them entirely either during crystal growth 
or during subsequent processing. Thus, suppose that solution of an imper¬ 
fection increases the internal energy of a crystal by E z . If Aq imperfections 
are distributed randomly among AT sites the “entropy of mixing” is 

S = k In N \/(N - Ni )! S N T k In N/N t (2.4) 

* Definitions of the terms “imperfection,” “defect,” “center,” “impurity,” etc. 
are not given. It is hoped that reasonable usage has been followed and that their 
meanings will be sufficiently clear when context is considered. 
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There is also a change in “thermal entropy” A S T to be associated with the 
enter. The change in Helmholtz free energy is 

A^ = AU - TAS £* NrEi - N:kT In N/N : - N t TAS t . (2.5) 

Thus when the semiconductor is in equilibrium with an external supply 
ot the imperfection at unit activity, 

dAA 

— = 0 S E: - kT In N/N: - TAS t (2.6) 

In VC1 ' y , dllute , solutions the configurational entropy term is large, therefore 

S ,° lutl0ns of im P_erfections may occur even if E r is large. A value 

? N, /f ™ Iow as 1 X 10 is often significant in semiconductor studies, 
onsider, by way of example, a silicon crystal growing from its melt. The 

temperature of the interface of growth is about 1700°K. According to Eq 

2.6) an imperfection with E, - TAS t less than, say, 3.3 ev may occur with 

-dative concentration N r /N greater than 1 X 1(T 10 . Many imperfections 

in silicon have values of E, less than 3.3 ev, which is roughly equal to 

the energy of three average single bonds. Consequently their equilibrium 
concentrations will be significant. 

We will be primarily concerned in this section with electrons and holes, 
lattice vacancies, interstitial atoms and substitutional atoms. Imperfec- 
tmns or kinds of disorder not discussed extensively in this chapter are : 

a) The exciton, which is a preionization state in which an excited elec¬ 
tron and its hole are trapped by the interaction of their own fields. It may 
nave a considerable lifetime and diffusivity. The extent of the orbit of the 
-lect ron will depend on its state of excitation and on the effective dielectric 
constant of the material. A series of states with a series limit are accessible 
o the electron and the hole behaves like a positive ion with a relatively 

'mall mass. The pair form a neutral center which does not respond to a 
static electric field (Chapter 13). 

(b) The phonon, which is a quantum of vibrational motion in a solid 
; md is analogous to the photon in electromagnetic energy. The distribution 
in energy of phonons in a crystal is a complex function which yields to 
experimental and theoretical investigation more or less, depending on the 

■omplexity of the crystal. Relations between vibrational motion and semi¬ 
conductor properties are discussed in Chapters 8 and 13 

(c) The polar on, which is the assembly of a conduction electron inter- 
; -ting with polarization fields produced by ionic vibrations. It is an im¬ 
portant phenomenon in the more ionic compounds (Chapter 13). 

d) Crystalline imperfections , such as; 

Rotational disorder, which is a property of polyatomic units in some 
crystals where the unit has a position of minimum free energy and one or 
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more metastable positions accessible through rotation. Rotational disorder 
is obtained when thermal energy drives the unit into a metastable position. 

Stacking disorder, which is observed in some materials where the ordered 
array of planes of atoms making up a crystal is interrupted by the displace¬ 
ment of whole planes to metastable positions. It differs from 

1 he dislocation, which is a more localized and less orderly displacement 
m which some fraction of the crystal is distorted by the equivalent of either 
(a) inserting a partial plane terminating at an internal edge thus producing 
an edge dislocation or (b) twisting a crystal in such a way as to force a slip 
of one or more unit cell dimensions along a partial plane within the crystal 
thus producing a screw dislocation. Models are given in Figure 2.4. 

From a chemical point of view dislocations have much in common with 
giain boundaries and surfaces and may be considered as separate phases. 
1 rimary imperfections interact with them in special ways. Conditions under 
which imperfections are generated at surfaces, grain boundaries and dis¬ 
locations define an area of chemical and physical research in which semi¬ 
conductor techniques are especially powerful. Effects due to dislocations 
are considered in detail in Chapter 12. 



Figure 2.4. Models of dislocations: (a) edge dislocation and (b) screw disloca- 
tion. 













SURVEY OF SEMICONDUCTOR CHEMISTRY 



Electrons and Holes (Symbols e~ and e + ) 


In semiconductor chemistry conduction electrons and holes are treated 
as chemical constituents, with activity equal to concentration if the solu¬ 
tion is sufficiently dilute. As an illustration of this role consider the follow¬ 
ing problem. Dissociated hydrogen forms a solid solution with a metal 
oxide. What is the equilibrium relation between concentration in solution 
iiid the vapor pressure of hydrogen? A dependence on the square root of 
hydrogen pressure may be a very poor guess if the electrons and holes 

enter into the chemical equilibrium. If an ionized donor is formed, then 
the reaction* 


H 2 ( 0 ) <=* 2H(s) 2H + (s) + 2e , K = uN^/P^ (2.7) 

.1 id its equilibrium constant predict a one-quarter power dependence if 
n = N H + . Either a second donor species or intrinsic ionization may con¬ 
tribute additional conduction electrons to the system and these will produce 
a common ion effect which leads to suppression of reaction (2.7), and a 
square root dependence as a limit. If the concentration of un-ionized hy¬ 
drogen is not negligible the total concentration in solution may be a rather 
•omplicated function of external pressure. 

The assumption that conduction electrons and holes can be treated as 
chemical constituents appeared early in the history of semiconductors. 20 
Detailed discussions of the principles underlying this assumption have 
•.ppeared only recently. The question is resolved by determining the con¬ 
ditions under which conduction electrons (and holes) may be considered 

“free” and statistically independent. 

In more concentrated solutions (n or p greater than 10 17 cm -3 ) departure 
from ideal behavior is expected. The logarithm of concentration is no longer 
an accurate measure of chemical potential and one needs to define activity 
coefficients for all constituents, the product of activity coefficient and con¬ 
centration replacing concentration in the thermodynamic formulas. Calcu- 
.at ion of activity coefficients for electrons, holes and other charged constit¬ 
uents follows methods similar to those developed by Debye and Hueckel 
:or electrolyte solutions. 21 This problem is taken up again in Chapter 5. 

Electrons and holes are related in a fundamental way. Having assumed 

'hat conduction electrons and holes can be treated as chemical constituents, 

an assumption which is valid for most non-degenerate semiconductors, we 
consider the reaction 

e + e <=> N. 0. K = up = rii = N C N V exp (E v - E c )/kT (2.8) 

The conventional symbol for concentration of a solute in a semiconductor is N 
■' 1 1 h a subscript denoting the solute and its state of charge, except that N e ~ and 
A f - are replaced by n and p. The conventional unit of concentration is atoms per 
cubic centimeter. These conventions are followed throughout most of this book. 
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The product of this reaction, written N. 0.,* is a normal occupation of the 
intrinsic, or ground state of the solvent. It has unit activity. The value of 
K has been calculated by statistical methods as outlined in Chapter 1. 

In case one wants to sum thermodynamic quantities for the separate 
constituents of a chemical reaction involving electrons or holes a useful 
formula for their entropies is given by the Sackur-Tetrode equation 


S. 


k <ln 


2Tm*kT\ w V 
h 2 ) N 


+ I + 1 ” 2 


(2.9) 


This formula is derived assuming that carriers behave as a gas at a density 
low enough that classical statistics may be used. It has been used implicitly 

in the statistical derivations for electron and hole densities given in Chapter 

1 . 


Lattice Vacancy (Symbol V, V M , V M , etc.) 


A lattice vacancy is an imperfection obtained by removing a proper atom 
of the crystal. It might also be a unit of an associated imperfection such 
as an ion pair, or ion triplet. An important concept is that it is native to 
the crystal. Lattice vacancies can be generated by thermal energy. A va¬ 
cancy produced at a crystal surface by motion of an atom from the second 
layer to the surface, as a first step, is called a “Schottky” defect. Vacancies 
may be produced by the generation and interaction of dislocations and 
they may move with a moving dislocation. They may also be produced 
(together with interstitials) by bombardment with high energy particles. 
Models of vacancies are shown in Figures 2.5, 2.6 and 2.7. 

The internal energy of the crystal is increased by the removal of an atom. 


Phis appears as unsaturated bonding energy and strain in the neighborhood 
of the vacancy. In covalent crystals the unsaturated bonding energy takes 
the form of uncompleted octets. Thus vacancies in covalent crystals are 
expected to be acceptors, and there is evidence that they are in germanium. 
It is not obvious whether production of a vacancy will dilate or contract 
a crystal. The properties of vacancies in ionic crystals has been considered 
by Mott and Littleton 22 and by others. 23,24 ’ 25 Mott and Littleton calculate 
that the ions adjacent to an anion vacancy in NaCl are displaced outward 
by about 7 per cent of the normal interionic distance. 

In ionic crystals anion vacancies and cation vacancies are possible. Consider 
an anion vacancy in a crystal such as NaCl. Removal of CF leaves a net 
positive charge in the neighborhood of the vacancy. Neighboring ions will 


1 he product of reaction (2.8) is often written e e + . However, in many of the 
reactions involving imperfections in which atomic or electronic disorder is reduced, 
the products are normally occupied states. It is economical to use the same symbol 
for all such products. They are all assigned unit activity. 
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© ELECTRON IN BAND CAP 

Figure 2.5. Neutral imperfections in a covalent semiconductor. Shown are a sub- 
itutional donor (Sb), a substitutional acceptor (Al), a substitutional double ac- 
or (Zn), an interstitial donor (Li), and a vacancy (acceptor). 



© ELECTRON IN BAND GAP 
@ HOLE IN BAND CAP 


Figure 2.6. Neutral imperfections in an ionic crystal M++X~. Shown are elec 
meal y inactive substitution^ (Ca++ and S“), an interstitial donor (N a +), an in 

*‘ la acceptor (Cl ), substitutional donors (In+++ and Cl'), substitutiona 

acceptors (Na and P ), an anion vacancy (double donor ?), and a cation va 
eancy (double accentor?). 


adjust to the new charge distribution. The energy of formation of the 
. acancy will be the difference between the energy required to remove the 
ion to the surface of the crystal and the compensating energy of polariza¬ 
tion of the surrounding material. The net positive charge centered at the 
vacancy will attract a nearby electron in the conduction band and some¬ 
times capture it. When this happens the center is neutral and is called an 
F center - The ^-center electron moves in the symmetrical field of the ions 
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surrounding the vacancy and it is unpaired. Electron spin resonance studio 
hav^provJded detailed information about the nature of the E-center elec¬ 
tron. Clearly it is not as strongly bound as the electrons at the top of the 
valence band (in NaCl these are the electrons in the 3 p level of CP) There 

^donof T° nS I 1 " ^T enterS He near the COnduction band and center is 
a donor. In strongly ionic crystals they usually lie in the range 1-3 ev 

below the conduction band. Similar considerations apply to cation vacan 

cies. The neutral cation vacancy is called a V 1 center and it is an acceptor 

In some systems where there are few free electrons or holes there is a 

tendency for pairs of oppositely charged vacancies to be produced in order 

to preserve charge neutrality. At a sufficiently high temperature these will 

be separated. At lower temperatures they tend to associate. Charge neu 

trahty can be preserved by other combinations of charged atomic imperfec 

Simple guides for estimating the electronic state of a vacancy are obtained 
by considering the effect of removing a neutral atom to form the vacancy 

Removal of a neutral atom preserves charge neutrality, and creates a 
neutral center which is referred to loosely as a neutral vacancy 

(a) In covalent type semiconductors production of a vacancy in this 

way leaves unsaturated covalent bonds on neighboring atoms. These will 

tend to bind electrons, sources of the electrons being the valence band and 

other occupied electronic levels. A vacancy in Ge is generally thought to 
be an acceptor center. s 

(b) In ionic semiconductors production of a cation vacancy in this wav 
leaves neighboring negative ions with excess positive charge. It will tend to 

’ 1 ' K an electron, sources being the valence band and other occupied levels. 

1 hus a Cd vacancy in CdO is an acceptor. 

(c) In ionic semiconductors production of an anion vacancy leaves neigh 

Hiring positive ions with excess negative charge. It will tend to lose an 

electron to the conduction band or to other empty electronic levels. Thus 
an 0 vacancy in CdO is a donor. 

The actual charge condition of vacancies depends on their ionization 
energies and other imperfections, if present, and is calculated by means 
of the statistical formulas given in Chapter 1. Discussion of theoretical 

and experimental work which gives more precise information about ioniza¬ 
tion energies of vacancies is given in later chapters. 

Multiple ionization of a vacancy is also possible. Timmer 27 has assumed 

° X T 7 aC Tr in Ba0 is doubly ionized at temperatures near 
1500 K in order to explain the dependence of solubility on barium pressure 

Multiple ionization of vacancies in covalent crystals (germanium and sili¬ 
con) may also be possible, but has not been reported. 

The problem of evaluating experimentally various thermochemical func- 
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‘ions of vacancies ranges from simple to extremely complicated, depending 
on the number of interacting substances. Consider first the reaction of a 
vacancy in an elemental crystal with the vapor of the crystal (assumed 
monatomic). The simplest possible equilibrium reaction is 

Ta/(s) + M(g) <=± N. 0. K 2 .io = N v (2.10) 

Since the solid is simultaneously in equilibrium with monatomic vapor, 
the pressure of the vapor is not independently variable. It is included in K. 
The concentration of vacancies is a function of temperature only. This is 
also true if the vacancies are ionized, but it is not true if other interacting 
imperfections are present. 

Now consider what is expected when a crystal of MX is heated in vapor 
of M and X if the imperfections dominating the system are the neutral 
and singly ionized vacancies V M , V M , V x , and V x + . Assume the vapors 
of M and X are monatomic and in equilibrium with MX, then 

MX(«) M(g) + X(g) K 2 . n = P M P X (2.11) 

The ratio P m/Px can often be varied experimentally through a very wide 
range. A high value tends to fill vacancies on M sites and to create vacan- 
ies on X sites. Assume that the vapors are in equilibrium with the neutral 
vacancies, then 

M(g) + V m ^±N. 0 . K 2 . 12 = N Vm Pm (2.12) 

X(g) + V X <=±N. 0. K 2 . 13 = N Vx P x (2.13) 

and the product N Vm N Vx = K 2 . u K 2 .i 2 /K 2 .i 0 . 

Quantitative data for the solubilities of vacancies are available for very 
few compounds. Vacancy formation accounts for many of the properties 
*f the alkali halides heated in alkali or halide vapor. Concentrations have 
been determined from Smakula’s formula relating intensity of optical 
absorption peak with concentration, by conductance techniques, and by 
direct chemical measurement. Rogener 28 reported concentrations of excess 
K in KBr, which he found to be proportional to the pressure of potassium, 
and to decrease with increasing temperature. A heat of solution of —0.25 
ev per molecule of KBr at constant potassium pressure was obtained. 
Mollwo 29 has studied the solubility of excess Br in KBr heated in bromine 
vapor. The heat of solution he reports is 1.2 ev per molecule of KBr at 
constant bromine pressure, with concentration proportional to pressure. 
In this material the ionization energies of the vacancies are too large for 
significant concentrations of free electrons or holes to be produced at the 
temperatures of the experiments. 

Ionization of vacancies to produce charged vacancies, free electrons and 
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free holes is taken into account by the equilibria (discussed in Chapter 1 
and in the latter part of this chapter) 



K 2 .14 = vNvm/Nv m = pREa) 

= N v exp [( E v - E A )/kT] 


(2.14) 



K 2.15 = nNvx/Nv x = n[ 1 — f(E D )] 

= N c exp [(E d - E c )/kT] 


(2.15) 


where f(E) is the value of the Fermi distribution function at energy E 
(Chapter 1). A high value for both n and p is not possible unless T is very 
high or the band gap is small. Their concentrations are limited by the 
intrinsic equilibrium between electrons and holes (Eq. 2.8). If there is an 
excess of positive and negative ions over holes and electrons some ions of 
opposite charge must neutralize each other. This is analogous to the neu¬ 
tralization of an acid by a base, and is called compensation in semicon¬ 
ductors. When the concentrations of ionized vacancies of the two types 
are equal the semiconductor appears to be intrinsic. 

The dissociation constant equal to P M Px is generally known or can be 
estimated from other thermodynamic data, and K 2 . 8 (which is determined 
by the bandgap E c — E v ) is generally known or can be measured without 
great difficulty. The constants determined by the solubilities of the neutral 
vacancies (K 2 .i 2 and K 2 .i 3 ) and those determined by the ionization energies 
of the vacancies (K 2 .i 4 and K 2 . 15 ) may be more difficult to obtain. If they 
are known the equilibrium behavior of the system over the entire range 
of the ratio P M /Px can be computed. The neutrality condition 


Nv$ + P = Nvm + n (2.16) 

is the final equation needed to solve the problem. For example, the concen¬ 
tration of electrons is found from (2.8), (2.14), (2.15), and (2.16) to be 
given by 

n = K 2 .8(K 2 .i5iVF X + K 2 . 8 )/(K 2 . 14 A^ + K 2 . 8 ) (2.17i 

which reduces to the formula for intrinsic ionization (2.8) when the num¬ 
bers of both types of vacancies are sufficiently small or if they are equal 
and mostly ionized, and to the formulas for simple donor or acceptor 
ionization when either donors or acceptors predominate. When donors 
predominate n is proportional to P M h12 and when acceptors predominate 
p is proportional to P x 112 - The square root dependence is a consequence of 
two assumptions: a) monatomic vapor and b) single ionization. Of special 
interest is the intrinsic region between n-type and p-type behavior. It may 
range from very sharp to very broad for a given pressure range of M or 
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X, depending on the relative values of the solubilities of the vacancies, 
their ionization energies, and the size of the bandgap. 


Interstitial (Symbol /, Mi , Mj + , etc.) 

An interstitial atom is obtained by introducing an atom into a normally 
unoccupied site in the crystal. It can be a unit of an associated imperfec¬ 
tion. If it is an atom of the parent crystal it is native to the crystal and can 
be generated simply by thermal energy. Interstitials may be generated at 
surfaces, at dislocations or otherwise internally. An interstitial and a va¬ 
cancy produced simultaneously by an internal movement of an atom from 
*s proper lattice site to an interstitial position is called a Frenkel defect. 30 
Evidence indicates that Frenkel disorder is prevalent in some crystals. 
Interstitials can also be produced (together with vacancies) by high energy 
irradiation. Interstitial atoms may be donors (electropositive) or acceptors, 
• electronegative). Consideration of sizes suggests that the electropositive 
more numerous, but interstitial fluorine in CaF 2 has been reported. 31 


Solutions 

1/ 1/ . - — J[ w VAA V/ Ky V/ A ? V/XA V 

in a vapor or liquid or in contact with a solid containing the foreign atom. 
Interstitial atoms dilate the crystal.- Models of interstitials are shown in 
Figures 2.5, 2.6 and 2.7. 

A good estimate of the first ionization energy of an electropositive inter¬ 
stitial is sometimes obtained by assuming the interstitial to be a hydrogen 
itom in a medium with a dielectric constant k of the solvent. The result 
~ E = 13.5//c 2 ev. Thus values of the order of 0.1 ev are predicted for 
:ypical values of k. This problem is treated more fully in Chapter 8. Much 

known of the electronic levels of electronegative interstitials. 




Relatively pure solutions of a foreign interstitial can often be prepared. 
In such cases conductivity may provide an accurate measure of solubility 
a heat of solution may be obtained from the temperature coefficient 
i solubility. Measurements may be made on “frozen-in” states or at the 
peratures of equilibria if intrinsic conductivity does not interfere. No 
s for predicting these solubilities have been developed, though size is 
r viously an important factor. For example, Li and Cu readily dissolve 
germanium to form electrically active interstitials, but most other inter- 
phials are less soluble and the behavior of many is not known. 

In reaction at the crystal surface foreign interstitials and vacancies may 
Jtcietimes be produced in approximately equal numbers. Thus the crystal 
MX may dissolve charged vacancies V M and charged interstitials 
IE. The solution of equal numbers of each is favored by step (c) in the 
base and salt-like reactions 




(a) V 


M 


V m T" c 


+ 


(2.18) 
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(b) / 


h + + e 


(c) e + + e 


N. 0 


(2.19) 

( 2 . 8 ) 


and it is strongly favored if the energy gap is much larger than the differ¬ 
ence between the ionization energies of the atomic imperfections, in which 
case charge neutrality is preserved by generation of ions in equal numbers. 
This is also an example of compensation. The interstitial I F + and vacancy 
V M ~ tend to associate at lower temperatures. In the process two imperfec¬ 
tions disappear to produce a lattice substitution. 

Multiple ionization of an interstitial should be possible in some cases. A 
fair criterion will be the energy required for multiple ionization in a vacuum. 


Lattice Substitution (Symbol S, M s , M s + , etc.) 

A substituted atom is obtained by replacing an atom on its proper site 
with another kind of atom. Examples of this in Ge and Si were discussed 
in Chapter 1 . Solutions of foreign substituted atoms can be prepared by 
heating the solvent in a vapor, liquid or in contact with a solid containing 
the foreign atom. Another method, occasionally practical, is to replace a 
normal lattice atom by a radioactive isotope with a suitable half-life and 
product. Thus Prener and Williams 32 studied the effect of the transmuta¬ 
tion Zn 65 —> Cu 6j (250 day half-life, K-electron capture) in ZnS. Models 
of lattice substitutions are shown in Figures 2.5, 2.6 and 2.7. 

Substitutional disorder may also be native to the crystal. Antistructure 
disorder occurs when different kinds of atoms exchange places, e.g. in MX 
a fraction of M’s exchange sites with X’s. In highly ionic diatomic crystals 
ordering forces are so strong as to make this unlikely. Valency disorder 
occurs when an atom exhibits variable valence. For example consider NiO. 
FeO, TiO, etc. containing oxygen atoms all on proper oxygen sites and 
doubly charged. In the perfect crystal cations are also doubly charged. 
Compensation for cation vacancies is obtained by raising the valence of a 
suitable number of cations. Formulas such as Ni^t 2 5 >Nils ++ 07i+ 6} are used 
to represent the solution. In this case the missing electron has come from 
the d-band of the nickel atom. 

It is possible for a lattice substitution to be a radical. For example, it is 
believed that hydrogen in solution in ZnO forms an hydroxyl ion and an 
electron (see Chapter 7). The observed ionization energy of the hydroxyl 
center OH-- is equal to 0.05 ev, thus it is a “hydrogen-like” center. It i> 
conceivable that hydrogen sulfide radicals can form similar solutions. 

Simple solutions of substituted atoms in germanium and silicon have 
been studied in great detail. They provide the technologically important 
solutions used in devices made from these materials. Both the physics and 
the chemistry of such solutions are much better understood than those of 
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hu'er chapter t6mS ' ^ feSUltS * r ° discussed under several headings in 


>imple guides for estimating the electronic states of lattice substitutions 

^obtained by considering the neutral center (the equilibrium state at a 
-Jnciently low temperature). 

a) In covalent type semiconductors substitution of an atom of lower 
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^ceptor. Similarly, substitution of an atom of higher valence, for example 
produces a donor. ^ 


b) In ionic semiconductors substitution of an anion of lower valence 
l ' eS nei Shbonng positive ions with unsaturated bonding energy, therefore 
Jtes . center which tend, to lose an electron. Thus cubetSion S 
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(c) In ionic semiconductors substitution of a cation of lower valence 
TT neighboring negative ions with unsaturated bonding energy there- 
-ore makes a center which tends to bind an electron. Thus substitution of 

7 h Sjr“ T CdS f m eS an , accept0r - Similarl >- substitution of a cation 
* hlgher valence, for example Ga, makes a donor. 

substitution of electrically equivalent atoms produces electrically in- 
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‘'dilionl 6 m° n ° f imperfections ma y b e observable under certain 
? ™ 1 haS been re P° rted for substitutional Zn, Cu, Pt, Au, Co Ni 
F«> and Mn ill germanium and is discussed in Chapter 8. ’ ’ 

_ . otion of substituted atoms may occur in crystals in several ways 
-v ange of sites with a neighboring vacancy is probably the most com- 

“ diffusion followed by displacement of a normal atom or 
• upation of a vacancy are believed to occur in some systems. A ring type 


76 


SEMICONDUCTORS 


motion involving three neighboring atoms on normal sites has also been 

proposed. Diffusion processes are discussed in more detail in later chapters, 
especially Chapter 6. 

Interactions of Imperfections; Complex Imperfections 

Ihe association of two or more primary atomic imperfections may be 
favored (or hindered) by coulomb or dipole forces, by covalent bonding or 
by the distributed force ot lattice strain. Association of oppositely charged 
imperfections is highly exothermic, therefore strongly favored by decreas¬ 
ing temperature. A few types of interactions have been mentioned above. 
In this section they will be considered more systematically and with em¬ 
phasis on the complex products (pairs, triplets, etc.) which are possible, 
but it is to be noted that some associations result in simple products. It 
should be emphasized that detailed models of complex centers and the 
interactions of imperfections which produce them have been established 
in only a few cases. They are probably more important in compound than 
in elemental semiconductors. To some extent the assumption that a wide 
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Figure 2.7. Models for color centers in an ionic crystal. In (a), the a, F and F' 
centers are single anion vacancies with charges +1,0 and -1 respectively; the Ri and 
Ri centers are double anion vacancies with charges +1 and 0, M is a neutral associa¬ 
tion of two-anion and one-cation vacancy, Vi is a neutral cation vacancy, V 2 and V : 

are double cation vacancies with charge 0 and -1. Shown in (b) are models contain¬ 
ing molecular ions. 


SURVEY OF SEMICONDUCTOR CHEMISTRY 


77 



variety are possible under suitable conditions is based on analogous phe¬ 
nomena in liquid solutions. 

Much of the experimental justification for the existence of a variety of 
complex products has come from optical studies on alkali halides and simi- 
-ar materials. Here a notation has grown up which ascribes symbols to 
• arious characteristic absorption bands. The centers which account best 
for observed properties are shown in Figure 2.7. The identification is not 
•-■ertain in all cases. The symbols V 2 , R 3 , etc. are not related to the centers 
-hey describe in a logical way, but they are commonly used in the literature. 
Since there is a close analogy between reactions in liquid solutions and 
reactions m solid solutions, similar symbolism might be adopted, although 
new factor to be taken into account in solids is the need to indicate which 
of the three types of atomic imperfection (interstitial, vacancy, or lattice 
substitution) is being considered. The conventional color center symbolism 
is compared with that used in this book in the following table. 


Table 2.3. Comparison of Symbols 

a. 

F 

F' 

Ri 

R 2 

M 

Vi 

V 2 

V 3 


for Color Centers 

F* + 

F* 

F*" 

(F*F*) + 

F*F* 

F xV mV x 

V M 
F mV m 
(F mV m) 


The models for color centers given in Figure 2.7(a) are the simplest 
models one can postulate. In particular the ionic character of the atoms 
mvolved is assumed to be unaffected by the introduction of imperfection. 
However, in some cases, localized covalent bonding may result in the for¬ 
mation of more stable states. Thus one is led to postulate that hydrogen 
.n an oxide should form an hydroxyl radical. Recent electron spin resonance 
studies of alkali halides indicate the existence of molecular ions in these 
materials. For example, consider a halide ion which loses its valence elec¬ 
tron to a trap in another part of the crystal (a process which can be pro¬ 
duced by irradiation with x-rays below about 130°K). Castner and Kanzig 34 
report that as a result two neighboring halide atoms bond to form the 
molecular ion Xf, shown as the V center in Figure 2.7(b). Similarly it was 
-oncluded that interstitial Cl in KC1 is present in the form of the molecular 
:on Cl 2 , shown as the H center in the figure. Presumably covalent bonding 
will occur in other centers, for example, the V x center, which is the cation 
analogue of the F center, and in the V, center ns sb nwn in /T') 
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Consider reactions between two atomic imperfections. Since there are 
three types (interstitials, substitutionals and vacancies) they can be com¬ 
bined in six ways. Further subdivision takes into account the charge on the 
imperfection, whether it is native or foreign, etc., and leads to a wide va¬ 
riety of possible reactions. Some may be eliminated as impossible (e.g.. 
direct association of I + with I + etc.). 

(a) An interstitial M, and a vacancy V M (Frenkel defect) in either an 

elemental or a compound crystal may associate to produce a normal occu- 
pied site 


Im + V 


M 


N. 0. 


( 2.20 


The Frenkel defect is annihilated and order results. 

A foreign interstitial and a vacancy in either an elemental or compound 
crystal may associate to produce a substituted foreign atom 


F t + V M <=> F, 


( 2 . 21 ) 


and order is increased. 


(b) Associations of opposite types of interstitials, native or foreign, may 
be relatively rare. Negative interstitial ions are probably rare, and therefore 
coulomb type associations of interstitials are probably rare. 

(c) Associations of oppositely charged or neutral anion and cation va¬ 
cancies are believed to be common in alkali halides and some other mate¬ 
rials. Thus in MX 


V M ~ + F. 


+ 


V M V X 


( 2.22 


The product may be a trap for either an electron or a hole. Such a complex 
center should be able to diffuse rapidly and therefore play an important 
role in the readjustment of a system to changes in temperature or external 
conditions which affect vacancy concentrations. 

Associations of anion vacancies have been postulated to explain absorp¬ 
tion spectra in alkali halides containing excess alkali. Thus 


V x + V 


VxV 


(2.23; 


and the product is called an R 2 center if neutral and an R x center if it has a 
single positive charge. 

Associations of cation vacancies have been postulated 34 to explain ab¬ 
sorption spectra in IvBr and KI containing excess halogen. The reaction 


V M + V 


M 


J mVm 


(2.24 


and the center is called a V 2 center if neutral and a 7 3 center if it has a 
single negative charge. 
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pair 


d ) Pairing of two substitutional foreign imperfections produces a real 

"_ _ l i l . • , 


* new compound phase, thus 


Fs + F, 


FsF 


(2.25) 


.-samples might be boron and phosphorus in germanium or calcium and 
oxygen in sodium chloride. 

In the case of antistructure disorder the result is the annihilation of dis- 

•rder. Thus i n 1 / N N A f foe O n A AT rx V 4- -- A. A. _ 1 


1 occupation 


M x + X 


N. 0. 


(2.26) 


ei 1 airing of an interstitial and a substitutional imperfection also pro¬ 
duces a real pair (which may serve as the nucleus for the precipitation of 
- new phase). This is the case investigated intensively by Reiss, Fuller 
sad Morin (Li/ + Ga 5 and Li/ + B s in silicon), which is discussed in 
1 /hapter 5. t he interstitial may be either foreign or native. 

The exchange of a native interstitial with a foreign substitutional imper- 
:-uion leads to th 
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Mj + F, 


MjF, 


f t 


(2.27) 


i) Association of a substitutional imperfection and a vacancy is also 
Skeh in many systems, both elemental and compound. Thus 


S + V 


sv 


(2.28) 


^ince it is expected that the pair S V has a higher diffusion rate than S, 
^h Pairs probably play an important role in chemical reactions in solids! 

A systematic list of associations of three imperfections is not given here. 
There are ten most general types of reactions based on the three types of 
™Perfections (/SV, etc.) and few good criteria for sorting out those that 
ire more important. Some have been postulated to explain observed optical 
-oectra, for example, the M center ( V x V M V x y and the V 4 center 
‘ wl xV M ) . Reiss et al. 3a have observed Li,Li,Zn. s in germanium. This 
--.plet is favored by the coulomb force between the doubly ionized Zn s _ ~ 
i..d the singly ionized Li, ions which are the high temperature solute 




An important consideration from a chemical point of view is that a 
concentration relatively high in pure triplets is not generally expected, and 
-ill be observed only under very restrictive conditions. For example, 

■ This reaction might provide a practical means for purifying solids in some cases. 

A "ifficient concentration of M , serves to displace the impurity F s which must then 
fce removed from the crystal. 
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consider a crystal MX containing an equilibrium concentration of vacan¬ 
cies V M and V x . Association within the crystal can be induced by cooling. 
Thus 

v M + v x <=± 

Fx + V M V X <± VxVmVx 

v m + <=* v M v x v M Vx 

etc. 

which leads to the formation of voids in the crystal. If conditions are favor¬ 
able for the production of pairs and triplets they are also favorable for the 
production of some quadruplets, etc., and one expects a distribution con¬ 
taining at least several sizes. Large nuclei will generally produce consider¬ 
able strain in a crystal. Therefore one expects to find them in higher con¬ 
centrations at surfaces and dislocations. 

SURVEY OF CHEMICAL THEORY OF IMPERFECTIONS 

In a chemical study of a semiconductor one is concerned specifically 
with the behavior and control of imperfections. More is involved than sim¬ 
ple equilibria between phases because of the relation of free electron and 
hole concentrations to concentrations of atomic imperfections. This is the 
factor which adds several new dimensions to chemical studies. Electrical 
measurements are used as an additional means of study. Conductivity 
provides an extremely sensitive and precisely measurable quantity. Other 
related properties are also useful, and data for electron and hole mobilities 
are essential to the reduction of conductivity to carrier concentrations. In 
the dilute solution range carrier concentrations are simply related to con¬ 
centrations of atomic imperfections by means of statistical formulas such 
as those derived in Chapter 1. 

In a typical problem one arrives at descriptions of the chemical states 
accessible to a system of interest by studying equilibrium states and the 
kinetics of the attainment of such states. Equilibrium states will be con¬ 
sidered in this section, but a proper role should be assigned to studies of 
kinetics, which are discussed in Chapter 6. Rates of reactions taking place 
in a solid are generally determined by diffusion rates, though local barriers 
have been observed. Analyses of rate data have revealed a variety of diffu¬ 
sion processes and such observations often serve to determine the complex¬ 
ity of the system under study. For example, in a simplest case a source of 
imperfections at a constant concentration fills a solid to a uniform equilib¬ 
rium concentration which is a function of temperature and the activity of 
the source. Diffusion is observed to be uncomplicated, therefore a simple 
system is assumed. Concentrations of interstitials sometimes behave in 


(2.29) 

(2.30) 

(2.31) 
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y cooling. 
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(2.30) 
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thi? way. A foreign substitutional imperfection diffusing by a vacancy 

mechanism in a crystal which is not monatomic is a less simple problem. 

It has also been observed that nucleation and precipitation of an internal 

phase proceeds by characteristic diffusion processes. Thus the diffusion 

coefficient of an imperfection in a solvent is a basic parameter of a system 

and studies of diffusion kinetics may serve to define a system in important 
ways. 

Much of the chemical equilibrium theory of semiconductors is a relatively 
straightforward extension of existing thermodynamic and statistical theory 
for solutions. The law of mass action and equations relating the equilibrium 
constant K to energy functions, entropies and other variables have general 
utihty. Such a framework was first discussed in detail by Wagner and 
Schottky ' 9 in the early thirties, but was not widely used until much 

later ; A ver y considerable refinement of physical theory and of chemical 
purification techniques was required before appropriate chemical models 
lor a variety of systems could be determined. For example, the assumption 
that conduction electrons and holes are to be treated as chemical con¬ 
stituents was often either ignored or could not be justified by experimental 

FeSUltS ‘ r £ h fl P rinci P les underlying this assumption have been examined 
recently. ’ 

Types of chemical equilibria discussed in this and later chapters are: 

(a) Equilibrium in a homogeneous system. Imperfections may interact 
in ways which have been described in the last section. 

(b) Equilibrium between a solid and a liquid. Crystal growing provides 
important examples of this type of reaction. In growth from a melt, for 
example, the liquid is the melt of the crystal and distribution coefficients 
of imperfections between solid and melt are the basic parameters which 
determine the composition of the growing crystal. 

(c) Equilibrium between a solid and a vapor. The vapor phase may 
contain a foreign imperfection soluble in the crystal, or it may be the pure 
vapor of the crystal in which case vapor composition (except in a monatomic 
solid) determines the concentrations of native imperfections in the solid. 

(d) Equilibrium between two solid phases. Important examples are the 
tarnishing reactions studied extensively by Wagner and heterogeneous 
reactions in which solutions of imperfections are intermediate states preced¬ 
ing reactions in which new solid phases are formed. Precipitation from 
supersaturated solutions of Li in Ge has been studied in detail (see Chapter 

7). 

(e) Equilibria in which surfaces or dislocations are explicitly considered. 
Reactions belonging in this class are amenable to study by semiconductor 
techniques in a unique way. Nucleation and precipitation processes gener¬ 
ally take place at dislocations or surfaces. 
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th « * "S “““ " ideal -V be quite inadequate. 
Lidiaid and Tetlow consider Debye-Hiickel type effects. Expressions 

1 01 dense concentrations of electrons (when Eq. 1.33 breaks down) 

are discussed by Ehrenburg. 3 ^ 

The examples discussed in the last section illustrate how statistically 
derived expressions for electron and hole concentrations can be combined 
with properties of imperfections and thermodynamic solution theory to 
describe systems of interest. Treatments which approach similar problems 
from a completely statistical point of view have been published. The aim 
is, of course, to gain information which results from assumptions about 
microscopic properties. 1 hus Anderson 44 derives general pressure-tempera- 
tui e-composition relations for nonstoichiometric compounds Rees 45 dis 
cusses interstitial solid solutions, and Hodgkinson 46 derives expressions for 

due to W°r; Chl0n ? et T r m6lting POintS ' In these treatmen ts effects 

done byBrebnck 47 for the typical problem of an anion audition vacancTes 
in d biliary ionic crystal. 

Equilibria in Complex Systems 

The total range of states accessible to a compound in equilibrium with 
a source of only one impurity may form a very complex system. One reason 
that compounds contain in their equilibrium environments more than 
one kind of atom 1 hus the compound MX is in equilibrium with atoms 
(or molecules) of M and X, and their ratio is an independent variable A 
relatively high concentration of M favors excess M in the solvent and 

ga™o y th° r A ‘ A °° mplete description of the system requires an investi¬ 
gation of the possible imperfections and the nature of their interactions 

with each other and with substances in the surrounding phase. A frame- 

system8> “ iu8 id “ 1 ■“» T . 

I bitch type of imperfection described previously may be present in MX 

m a PP recia hle concentration under some more or less limited range of 
conditions. Possible solute species are n, p, V M , V x , M t , X , F, /w 

ionized forms of each, and associations of the atomic imperfection’s. Pr’esent 

m the surrounding phase are atoms of M, X and of the foreign imperfection 

. I- or each solute species one can write an equilibrium constant derived 

i om a corresponding equilibrium reaction such that the total makes a set 

o independent equations. Thus one defines the solubility of neutral vacan¬ 
cies in equilibrium with M in a gas phase by 


M(g) + V 


M 


N. 0. 


Iv 


2.32 


P mN 


V M 


(2.32) 
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and the ionization of V M by 

V M <=±V m + e + K2.33 = pNvu/Nv M = pf(E A ) ( 2 . 33 ) 

Similar equations may be written for each of the atomic imperfections. 
The concentrations of M, X, and F in the environment are assumed to be 
experimentally variable. The product of AI and X (or simple functions of 
M and A') is constant. The product rip is a known function of the energy 
gap and is independent of the concentration of imperfections. One more 
equation is needed to set about computing solute concentrations as a func¬ 
tion of the environment. This is given by the neutrality condition 

n + 2N (negative ions) = p + 2 N (positive ions). (2.34) 

Brouwer has pointed out that with values or reasonable estimates for 
the equilibrium constants, a graphical representation of the complete range 
of behavior of the system can be obtained fairly simply. This technique has 
been applied to data for CdS 49 and PbS’°, as discussed in Chapter 7. Kroger 
and Vink have worked out a number of hypothetical cases, 61 and it is antici¬ 
pated that when better experimental data are available for other com¬ 
pounds, many of these cases will have experimental applicability. To follow 
hi> procedure one takes the logarithms of the equations which determine 

concentrations. 


( 1 ) 111 P M + 111 N v M = 111 K2.32 

( 2 ) I11 p + I11 N v ~ - In N Vm = In K2.33 
etc. 

In this form all equations are linear except that for the neutrality condition 
which will not be difficult to evaluate in limiting cases. In a complete graph¬ 
ical representation of the behavior of the system at a given temperature, 
logarithms of the concentrations ol the solute species are plotted against 

*he logarithm of the concentration of a constituent in the external environ¬ 
ment taken to be variable. 

The general form of the representation is not difficult to visualize (exam¬ 
ples appear in Chapter 7). There must be an n-type region and a p-type 
region. An increase in concentration of a donor-producing atom in the 
external phase increases concentrations of the corresponding donor and of 
electrons. Common ion effects suppress the concentrations of other donors 
an d increase the concentrations of acceptors. A similar but inverse set of 
relations holds if the concentration of an acceptor-producing atom in the 
external phase is increased. The intrinsic or compensated region in the cen- 
ter appear more or less narrow depending on the relative values of 
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the equilibrium constants. The dependence of the concentration of a solute 
species on the concentration of an atom in an external phase may vary 

rom abrupt insolubility (e.g., in some cases, free electron concentration 
when the system is exactly compensated) through simple dependencies 
such as linear, square root, etc. to negligible dependence. Concentrations 
\\ ith practical significance normally vary through many orders of magni¬ 
tude. These results are similar to those encountered in complex systems 
of electrolytes. Ricci has analyzed a large number of such cases. 62 

Chemistry at Surfaces and Dislocations 

In heterogeneous equilibria involving a solid and a liquid or gas an inter¬ 
mediate surface phase always exists. Clearly dislocations must also be 
treated as separate phases. For example, equilibrium concentrations of 
imperfections will generally be different at dislocations, at surfaces, and in 
the bulk crystal. Since most crystals contain many dislocations, sometimes 
of several varieties, the precise chemical description of crystals is frequently 
complicated by this factor. Dislocations may have something of the char¬ 
acter of the surfaces of a finely divided material. For example, analyses of 

concentration of an imperfection may turn out to be sensitive to the con¬ 
centration of dislocations. 

Semiconductors yield novel information about surfaces and dislocations 
m one very important way specific to semiconductors. Concentrations of 
ions at a surface or a dislocation are at least partly compensated by a space 
charge of ions, electrons and holes in the bulk crystal. Electrostatic theory 
supplies fundamental relations among them. Studies of the chemical prop¬ 
erties of surfaces seek to relate changes in electrical properties to changes 
in their internal and external environments. This approach has added con¬ 
siderably to our knowledge of the chemical properties of surfaces and 
dislocations and is of fundamental interest in many types of catalytic 
reactions, tarnishing reactions, some forms of luminescence and other thin 
m phenomena. Physical and chemical properties of semiconductor sur¬ 
faces are considered in Chapter 16, and of dislocations in semiconductors 
in Chapter 12. 
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CHAPTER 3 


SEMICONDUCTOR CRYSTAL GROWING 

M. Tanenbaum 


INTRODUCTION 


Of all the semiconductors that have been studied, germanium and silicon 
aie the best understood. The properties of germanium and silicon are very 
sensitive to crystal perfection and impurity content and much of the suc¬ 
cess that has been achieved in interpreting their physical properties has 
been possible because of the availability of large, nearly perfect single 
crystals. Tor example, studies of germanium and silicon have shown that 
charge carrier mobilities and minority carrier lifetimes are strongly af¬ 
fected by crystalline imperfection. Dislocations and grain boundaries 
(which may be considered as dislocation arrays) are now known to act 
both as mobility scattering centers and recombination centers. In fact, 
the disruption of the periodic crystal potential at a grain boundary may 
often be so severe that the boundary acts as an insulating layer and many 
of the properties that are measured in the polycrystalline ingots may be 
more indicative of the properties of the grain boundaries than of the true 
semiconducting properties of the individual crystal grains. 

The distribution of chemical impurities may also depend on crystalline 
perfection. The impurities may precipitate at dislocations 1 or grain bound¬ 
aries. The diffusion of impurities may also be strongly dependent on 

crystalline perfection. 2 These effects can be properly studied only when 
single crystals are available. 


I he value of single crystals does not end when the bulk properties of 
the semiconductors have been determined. The properties of dislocations 
and gram boundaries are of fundamental interest in themselves. Much 
of our present understanding of these phenomena has been possible be¬ 
cause of the availability of nearly perfect single crystals of semiconductors 

which could be deformed in a controlled manner and studied before and 
after deformation. 

In spite of these facts, the properties of a large number of the semi- 
c on ducting materials which are known have been measured only on poly- 
crystalline materials. Very often this is because crystal growing techniques 
have not been sufficiently developed to permit the growth of large single 
ciystals. Sometimes it is possible to cut a large grain from a polycrystalline 
ingot and study the individual grain. Although this does eliminate grain 
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boundary effects, these cut-out grains are seldom as perfect as if the entire 
ingot were a single crystal. 

In some cases the semiconducting properties of the polycrystalline ma¬ 
terial are of particular interest for technological reasons. This is true of 
selenium, copper oxide, and a great many phosphors such as zinc sulfide. 
However, even m these cases it is appreciated that the polycrystalline 
aggregates cannot be fully understood unless their properties can be com¬ 
pared in detail with those of the appropriate single crystals. 

.. .... i i i . , i . growing single crystals of 

many different materials. Semiconductors present some unique problems 

Because the extrinsic properties are of such interest, it must be possible 
to grow single crystals with controlled amounts of crystal imperfections 
and selected impurities. For these reasons the growing of semiconductor crys¬ 
tal places stringent requirements both on the selection of methods of crys- 
tal growth as well as on the implementation of the techniques. 

This chapter will discuss the techniques that have been used most 
successfully for growing semiconductor crystals. These techniques will 
be divided into three groups: growth from the melt, growth from solution 
and growth from the vapor phase. Growth from the melt and growth from 
solution are similar in that the solidification of a liquid phase is controlled 
so that only a single or very few crystal nuclei are formed and these nuclei 
then grow into macroscopic single crystals. The section on growth from the 
melt will describe techniques where the liquid phase has very nearly the 
same composition as the growing crystal. The section on growth from solu¬ 
tion will describe techniques where the composition of the liquid phase is 
considerably different from that of the crystal. In growth from the vapor 

j ■ | again the vapor may con¬ 

tain only the crystal nutrient, or may be considerably diluted with an¬ 
other component. 

GROWTH FROM THE MELT 

Ihe most successful technique for the preparation of semiconductor 
single crystals has been growth from a melt with a composition very near 
that of the desired crystal. The chief advantage is that contamination of 
the crystal with a solvent is not a problem. Furthermore, large growth rates 
are possible and large single crystals can be conveniently prepared How¬ 
ever, the technique is applicable only if the substance melts congruently 
and without irreversible decomposition. In addition, there should be no 
solid state phase transformation between the melting point and the tem¬ 
perature to which the crystal will later be cooled. Because of these restric¬ 
tions, many crystals of interest cannot be grown from the pure liquid phase. 
The temperatures involved in growing directly from the pure melt are 
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usually higher than those required by other techniques and this may pose a 
further limitation. The problems of furnace design and temperature con¬ 
trol are often critical and, in addition, it is often difficult to find suitable 

crucible materials which will contain the molten substances at the ele¬ 
vated temperatures without contamination. Some techniques will be dis¬ 
cussed where no crucible is required. 

General Considerations 

When a crystal is grown from a liquid phase of the identical composition, 
the rate of growth will be determined by two factors: (1) the rate of forma¬ 
tion of nuclei sufficiently large to grow at the temperature of the liquid- 
solid interface and (2) the rate of diffusion of the heat of fusion from the 
growing interface so that the temperature does not exceed the melting point 
cl the growing nuclei. Since the liquid phase has the same composition as 
the crystal, the diffusion of matter is not required for crystal growth and 
the composition at the liquid-solid interface will remain constant. 

The processes of three dimensional nucleation of super-cooled vapors 
and liquids have been the subject of much theoretical study 3-6 and experi¬ 
mental investigation. 7-9 Once a stable three dimensional nucleus is formed, 
its growth depends on a continuing two dimensional nucleation on its 
surface. 10-14 This rate of nucleation is a sensitive function of temperature, 
and the rate of crystal growth is very sensitive to the temperature of the 
growing liquid-solid interface when nucleation is the rate controlling factor. 

The temperature of the interface is the result of the balance of many 
factors. Figure 3.1 illustrates schematically the thermal sources and sinks 
which determine the interface temperature. The liquid phase is generally 
maintained at a temperature above the melting point of the crystal and 
is heated by conduction and radiation from a thermal source. The source 
may be a furnace wall, or induction heating of the liquid. The heat of fusion 
is liberated at the interface and its rate of generation is directly propor¬ 
tional to the rate at which the liquid is solidified. Heat is lost from the 
interface by conduction through the grown crystal and by conduction and 
radiation from the crystal to thermal sinks provided by the container walls 
and any gaseous atmosphere. Thermal gradients in the liquid and solid 
determine the rate at which heat arrives at and leaves the interface, and 
thus determine the temperature of the interface. By controlling the thermal 
gradients, the rate of crystal growth is determined. 

In any real case, the melt will not have exactly the same composition as 
the solid. The departure from this ideal situation may range from a trace 
of an impurity to the case where the deviation is so large that it is more 
convenient to think of the system as a solution of the crystal nutrient in a 
solvent. The case of solutions will be treated later in this chapter. 
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Rgure 3.1. Thermal sources and sinks and the paths for heat transfer when a 
crystal is grown from a liquid phase. 

T , Th , e P re ^ ce of an impurity can have a large effect on crystal growth 
I he distribution of an impurity between the liquid and solid phases of a 

semiconductor is discussed in detail in Chapter 4. The equilibrium distri- 

bution coefficient, k eg , and the effective distribution coefficient, k eff are 
defined as " ’ 


k 


eq 


k 


«// 


Cs/c: 

C a /C L 


(3.1) 

(3.1a) 


where C s is the concentration of impurity in the solid that is in equilib- 
numwitha concentration, C r , of impurity in the liquid at the liquid-solid 
interface. C L is the average impurity concentration in the liquid. If the dis¬ 
tribution coefficient is nearly unity, then the solid phase will have the same 
composition as the liquid and growth will proceed essen tially as though a 
pure substance was being grown. If the distribution coefficient is not near 
unity, then striking effects can be observed, particularly on growth rate 
I igure 3.2a shows how the impurity distribution might look near the 
grow mg interface for a distribution coefficient, k, less than unity * Since 
only a fraction of the impurity in the liquid is incorporated into the solid 
e impurity concentration in the liquid near the interface will increase’ 
The excess impurity will tend to diffuse away from the interface. This 
process can be aided by mechanical agitation of the liquid. 

If it were possible to grow a crystal slowly enough so that the rejected 
impurity always had sufficient time to diffuse into the bulk of the liquid 

i,^ * i • i, i * . i , ^ concentration 

of impurity in the liquid would continuously and uniformly increase as 

ke *> h L f ° ll0Wing diSCUSSi ° n Wil1 assume k - < 1- Similar arguments apply for 
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Figure 3.2. (a) Impurity distribution as a crystal is grown from an impure liquid 
b) Illustration of the conditions leading to constitutional supercooling. 

growth proceeded. At the same time, the impurity content of each suc¬ 
ceeding portion of crystal would increase, reflecting the increased impurity 
concentration in the liquid. It is shown in Chapter 4 that this condition 

leads to a “normal freezing” distribution in the crystal given by the ex¬ 
pression 15 

C(x) = kC 0 (l - £) k-1 (3.2) 

where C(x) is the concentration of impurity in the crystal as a function of 
the fraction, x, of the liquid solidified, C 0 is the initial concentration of 
impurity in the melt, and k is the distribution coefficient. Thus the impurity 
content changes appreciably along the length of the crystal making it 
impossible to produce a crystal of uniform impurity concentration. 

In practice the simple distribution in Eq. (3.2) is not achieved in the 
grown crystal. When growing at any practical rate, there is not sufficient 
lime for the rejected impurity in the liquid to diffuse away from the liquid- 
solid interface and an impurity distribution similar to that shown in Figure 
3.2a is produced. There are two effects of this condition. First, the impurity 
concentration at any given point in the growing crystal is altered because 
it freezes from the more impure liquid at the interface. Second, too great a 
pile up of impurity can lead to a condition termed “constitutional super- 
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cooling 16 which can cause spurious nucleation resulting in a polycrystal- 
line ingot where a single crystal was intended. 

The conditions leading to “constitutional supercooling” are illustrated 
in Figure 3.2b. This is a plot of the melting points of the compositions 
shown in Figure 3.2a. Assuming that the compositions are in the range 
where the depression in melting point is a linear function of impurity con¬ 
centration, the melting point curve will have the same shape as the con¬ 
centration curve. Analysis 17 has shown that in the steady state the con¬ 
centration will decrease exponentially with distance into the liquid and 
thus the melting point will increase exponentially. However, in the steady 
state the actual temperature in the liquid will usually be a linear function 
of distance as indicated by the dotted lines in Figure 3.2b. Under these 
conditions, it is possible that the liquid near the interface will be super¬ 
cooled, i.e., its melting point is above the actual temperature. This would 
happen for the temperature gradient indicated by the line labeled “un¬ 
stable.” Conditions denoted by points in the cross-hatched region can in¬ 
duce new nuclei with resulting polycrystalline growth. Steeper gradients 
m the liquid (line labeled “stable”) would avoid this effect. Thus, with 
impurities present, the temperature gradient in the liquid can determine 
the maximum rate at which an impure single crystal can be grown. This 
rate may be much lower than the rate at which a pure crystal can be grown 
and will depend on the nature of the specific impurity. 

Tiller 18 has pointed out that the impurity pile-up in the liquid near the 
liquid-solid interface can affect the perfection of the crystal as well as its 
impurity content. If the solid-liquid interface is not microscopically flat 
but is geometrically irregular, then rejected impurity (for k < 1) will 
not diffuse uniformly from the growing interface, and the concentration 
of impurity will not be constant across the growing interface. In this manner 
nonuniformities in impurity content of the growing crystal will be pro¬ 
duced where the concentration may vary sharply over a small distance. 
If the impurity produces a change in lattice spacing, dislocations may be 
built into the crystal to compensate for the changes. Dislocation arrays 
accompanying chemical inhomogeneities in silicon-germanium alloys have 
been observed by Goss et a/. 19 This is one of the more subtle effects that 
impurities may produce. The effects of the impurity “pile-up” at the liquid- 
solid interface on impurity concentration in the growing crystal have been 
studied in great detail in germanium 20 - 24 and will be discussed in Chapter 4. 

It has already been shown how thermal gradients determine crystal 
growth rate. There must be a temperature gradient in the crystal since it 
provides the main path for dissipating the heat of fusion. However, too 
large a gradient of the improper shape can have a catastrophic effect on 
the perfection of the crystal. Large temperature differences over small 


SEMICONDUCTOR CRYSTAL GROWING 


93 


distances can produce large stresses because of differential thermal con¬ 
traction. If these stresses exceed the elastic limit of the crystal, it will 
plastically deform and large concentrations of dislocations and other im¬ 
perfections will be produced. The situation is particularly acute in materials 
of low thermal conductivity where large temperature differences can easily 
arise. In the growth of crystals of alkali halides, 25 special precautions must 
be taken or actual fracture of the crystal can occur. 

This problem has been studied in detail in the growth of germanium and 
silicon single crystals. In these materials, crystalline imperfection can be 
measured both electrically and by chemical techniques (see Chapter 12). 
Using these procedures, Billig 26 and Bennett and Sawyer 27 have studied the 
effects of temperature gradients in the solid on crystal perfection. 

Billig has pointed out that the shape of the growing interface of the 
crystal is determined by the temperature gradients in the crystal. As¬ 
suming that the interface is an isotherm, Figure 3.3 shows how the iso¬ 
thermal surfaces in the crystal will look for an interface that is concave, 
planar, and convex. In the planar case there are only longitudinal gradients. 
The curved interfaces are associated with transverse temperature dif¬ 
ferences as well as longitudinal ones. The transverse gradients can be 
especially troublesome. In Figure 3.3a, for example, the cooler surface of 
the crystal acts as a constricting tube which tends to squeeze the hotter 
interior. Figure 3.4 is a photograph of a cross section of a pulled silicon 
crystal where a cooler surface has caused drastic plastic deformation of 
the interior as evidenced by etch pit formation (Chapter 12). 

Evidently thermal conditions which favor a planar interface are pre¬ 
ferred to avoid plastic deformation. This can be achieved by minimizing 
thermal losses from the sides of the crystal and thus forcing all heat to 
flow uniformly along the length of the crystal. This has been realized in 



O) (b) (c) 

Figure 3.3. Isothermal surfaces in a growing crystal when the liquid-solid inter¬ 
face is (a) concave into the liquid, (b) planar, and (c) convex into the liquid. 















94 


SEMICONDUCTORS 



Figure 3.4. Photograph of an etched section of a silicon crystal which was badly 
deformed during cooling after growth. The density of etch pits indicates the density 
of dislocations intersecting the surface of the section. (After Bennett and Sawyer. 21 ) 

practice by the use of “afterheaters,” furnaces that prevent heat loss 
from the crystal surfaces. Germanium 27 and silicon 28 crystals with etch pit 
densities of less than one hundred per cm 2 have been grown with the use of 
afterheaters. 

Thermal gradients in the crystals are not always easily controlled. Some 
crystals are very anisotropic in their thermal conductivities and it may not 
be easy to produce any desired gradient relative to a predetermined crystal¬ 
lographic orientation. For example, sodium nitrate has such a high thermal 
conductivity along its principal axis relative to other crystal directions 
that it is very difficult to grow a crystal in any direction other than the 
principal axis. 25 - 29 If an attempt is made to use a seed of another orienta¬ 
tion, a more favorably oriented nucleus will usually form and rapidly 
dominate the original seed. In substances with isotropic thermal conduc¬ 
tivity such as germanium, orientation of the seed seems to have little ef¬ 
fect on the ability to grow crystals and the orientation affects little other 
than the external shape of the crystal. 30 
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In summary, the growth of single crystals from relatively pure liquids 

resolves itself principally into a problem of the control of temperatures 

and temperature gradients. The primary criterion for a suitable crystal 

growing apparatus is that it furnish this temperature control. In addition, 

it should be designed to prevent contamination during the process, to 

permit uniform stirring of the liquid phase, and in some special cases to 

supply atmospheric control to prevent decomposition of the substance. 

Some examples of apparatus which fulfill these requirements will be dis¬ 
cussed in the next several sections. 

Growth in a Containing Crucible 


In the oldest and most widely used technique for growing single crystals 
iiom the liquid phase, both the melt and the growing crystal are contained 
in the same crucible. Figure 3.5 shows several types of crucibles that have 
been employed for this process. Figure 3.5a is a type used by Tammann 31 
and later by Strong 33 and by Stockbarger. 33 Figure 3.5b is a crucible de¬ 
signed by Bridgman. 34 The crucibles in Figures 3.5a and 3.5b are to be 
used in the vertical position indicated in the figure. Figure 3.5c is a hori¬ 
zontal, boat-shaped crucible. 35 ’ 36 In the vertical crucibles, the liquid-solid 
interface is not visible during crystal growth. In the boat-shaped crucible, 

the liquid-solid interface can be observed as growth proceeds from one end 
of the boat to the other. 

The crucible is filled with the polycrystalline material. It is then placed 
in a furnace and heated to a temperature above the melting point so that 
the entire charge melts. The crucible and melt are then cooled so that 
freezing begins at one end of the crucible. In crucibles of the type shown in 
I igures 3.5a and 3.5b, the tapered region is first cooled below the melting 
point. Because of the small volume of the tapered region, the probability 
of forming only a single nucleus is enhanced. Further cooling is carried 
out so that an isothermal surface near the melting point passes progres¬ 
sively from the constricted region through the melt until the entire melt 
has solidified. In this manner the single nucleus which first forms in the tip 
of the crucible can be made to grow and fill the entire crucible, yielding 



I a ) (b) (c) 


Figure 3.5. Types of crucibles used in growing crystals from the melt. 
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a single crystal of the size and shape of the crucible itself. With the design 
in Figure 3.5b, a single crystal may be grown even if it is not possible to 
achieve unique nucleation in the first constricted region. For example, if 
several nuclei are formed, they will grow through the constricted region 
to the first enlarged portion where they will expand and fill this portion. 
On reaching the second constriction it is highly probable that only one of 
the growing grains will be properly oriented to grow through this constric¬ 
tion. The surviving grain can then serve as the unique seed for the remainder 
of the charge. 

This process of self-seeding by spontaneous nucleation is usually em¬ 
ployed when a vertical crucible of the type shown in Figures 3.5a or 3.5b 
is used. Although some investigators have used seed crystals with a vertical 
crucible, 37 ’ 38 the inability to see the liquid-solid interface makes it dif¬ 
ficult to control growth onto the seed and still be sure that the seed itself 
has not been completely melted. In the boat-shaped crucible of Figure 
3.5c, it is much easier to control growth on an intentionally added seed 
crystal. 39 ’ 40 If no seed is available, however, one end of the boat crucible 

can be tapered to facilitate self-seeding. 

One of the principal disadvantages of these methods arises because the 
liquid phase, the solid crystal, and the liquid-solid interface are all in inti¬ 
mate contact with the crucible wall. If there is any reaction between the 
liquid and the crucible material, the liquid phase will become contaminated 
with the crucible material and also with any impurities which the crucible 
may contain. If the grown portion of the crystal tends to stick to the cruci¬ 
ble, large stresses caused by differential thermal contraction will generally 
arise between the crucible and the crystal as they are cooled down to room 
temperature. This situation can be alleviated by selecting a crucible ma¬ 
terial with a thermal coefficient of expansion which matches that of the 
crystal. However, it is not often possible to find a suitable crucible material. 

Perhaps the most critical region is the area of contact between the cruci¬ 
ble wall and the liquid-solid interface. This is the region where crystal¬ 
lization is actually taking place. A small disturbance such as a chemical 
reaction or an imperfection in the crucible wall may induce spurious nuclea¬ 
tion which can prevent single crystal growth. The selection of a suitable 
crucible material is, therefore, of the utmost importance. The higher the 
melting point of the material and the greater its reactivity, the more dif¬ 
ficult it is to find a suitable crucible. For example, although germanium 
single crystals have been very successfully grown in boat-shaped crucibles, 40 
sound single crystals of silicon have not been reproducibly prepared by 
this technique. 

There has been some study of the thermal gradient most conducive to 
single crystal growth in a crucible. 41 - 42 - 43 Although these studies have 
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usually been performed on metals, the results can probably be safely ap¬ 
plied to the growth of semiconductor crystals. It has been qualitatively 
observed that single crystal growth proceeds most easily if the growing 
crystal surface is convex into the liquid phase. This implies that along a 
plane perpendicular to the growth direction, the crucible wall must be 
somewhat warmer than the center of the crystal. With this condition, 
if a new nucleus is formed at the crucible wall, it is less likely to survive 
and will be crowded out by the principal grain. The thermal gradients 
required to produce a convex interface may impair the perfection of the 
crystal by the mechanism described on p. 93. However, it may be neces¬ 
sary to compromise the perfection in order to achieve reproducible single 
crystalline growth. In order to achieve the desired interface shape, it is 
advantageous to design the crucible so that it is a less efficient thermal 
conductor than the crystal. Then the crystal tends to cool more rapidly 
than the crucible, producing the desired interface shape. The crystal also 
serves as the best thermal path for dissipating the heat of fusion that is 
released as the crystal grows. This further tends to suppress nucleation 
at the crucible wall. 

Figure 3.6 is a diagram of a typical furnace that can be used in this crystal 
growing method. The furnace is shown with a vertical crucible but can 
easily be adapted for horizontal use with a boat. Furnace A is heated to a 
temperature above the melting point of the substance. Furnace C is heated 
to a temperature below the melting point. The baffle, B , between the two 
furnaces provides a sharp thermal gradient between these two tempera¬ 
tures. The crucible and charge are placed in furnace A where the charge 
is melted. The crucible is then slowly moved through the baffle into furnace 



Figure 3.6. Two-zone furnace used for growing crystals from the melt in a con¬ 
taining crucible. 
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Figure 3.7. Temperature gradient method for growing crystals from the melt 
By changing the temperature from curve A to curve B, the melt is progressively 
solidified from the tapered end of the crucible. 

C. The rate of crystal growth is determined by controlling the rate at which 
the crucible passes through the baffle. 

Another variant of the procedure involves no relative motion between 
the crucible and the furnace. A tube furnace with a uniform resistance 
winding has a natural temperature gradient along its length, being hotter 
in the center and cooler at the two ends. This is illustrated by curve A 
in Figure 3.7. Curve B shows the temperature profile with a lower maxi¬ 
mum temperature. If the melting point of the material is indicated by the 
horizontal dotted line and the crucible is placed in the indicated position, 
then with the profile in curve A, the entire crucible will be above the melting 
point and the charge will melt. If the power to the furnace is now decreased 
to obtain the profile shown in curve B, the crucible will now be below the 
melting point and the charge will have solidified. During the transition 
from curve A to curve B, the crucible will have been progressively cooled 
from the tapered end through the melting point of the substance. The net 
effect will be similar to lowering the crucible through a two stage furnace 
as described in Figure 3.6. A large variety of temperature profiles can be 
produced by careful design of the furnace windings. 

The technique of growing in a crucible has been especially useful for 
preparing single crystals of semiconductors which decompose upon melt¬ 
ing. Since no relative motion is required between the liquid and the growing 
crystal, the entire charge and crucible can be sealed into a closed container. 
Thus, it is possible to establish the desired vapor pressure of any volatile 
component that may be present. Large single crystals of lead sulfide, lead 
selenide, and lead telluride have been prepared by this technique in vertical 
crucibles. 44 Gallium arsenide crystals have been grown in boat shaped 
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crucibles sealed in quartz tubes under arsenic pressures of several hundred 
millimeters. 45 ’ 46 

Another advantage of growing in a crucible is that the crystal tends to 
take the shape of the crucible. If a vertical crucible is used, the crystal 
will closely follow the contours of the inner crucible wall. Special shapes 
of metal crystals have been prepared by taking advantage of this fact. 47 
Germanium crystals 12 x 2 x 0.06 cm have been grown in graphite molds. 48 
Such wafer-like crystals are of use in diode and transistor fabrication. In a 
boat shaped crucible, the lower surface of the crystal conforms to the cruci¬ 
ble wall while the shape of the upper surface is determined by surface 
tension. 

Crystal growth in a boat has found wide application in the growth of 
germanium single crystals. Probably the most important single reason for 
this is the compatibility of the method with “zone leveling” procedures. 
These procedures, described in Chapter 4, permit the growth of crystals with 
very uniform impurity distributions. In the boat processes described above, 
it was assumed that the entire boat charge was melted with only the ex¬ 
clusion of the seed crystal. An equally satisfactorily variant of the procedure 
is to melt only a liquid zone between the seed crystal and the polycrystal- 
line charge. 40 ’ 41 This molten zone can then be moved relative to the boat 
so that the polycrystalline material is melted into the advancing interface 
of the zone while a single crystal is formed at the retreating interface of 
the zone. In this way the entire polycrystalline charge can be converted 
to a single crystal. Furthermore, if the molten zone is doped with an im¬ 
purity of small distribution coefficient, “zone leveling” is achieved and a 
single crystal of very uniform composition can be produced. Because of 
this, the technique of crystal growth in a boat using a molten zone has been 
widely used in germanium technology. 

Figures 3.8 and 3.9 show an apparatus which has been used to produce 
zone leveled single crystals of germanium. 27 The boat is made of fused 
silica. The interior of the boat is covered with a thin film of candle black 
which prevents the germanium from sticking to the silica. The boat is 
mechanically pulled through graphite cylinders which are heated by a 
radio frequency power oscillator. The heaters and the boat are contained 
in a fused silica tube through which a protective atmosphere is passed. 
The short “foreheater” produces the molten zone. The longer “afterheater” 
is maintained at a somewhat lower temperature. This “afterheater” 
prevents the grown crystal from cooling too rapidly and thus prevents 
the plastic deformation of the grown portion of the crystal which was 
discussed on p. 93. Figure 3.10 is a photograph of a typical zone leveled 
germanium crystal. Antimony doped crystals have been grown in this 
apparatus with a resistivity variation of less than 10 per cent over at least 
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Figure 3.8. Apparatus used to grow zone-leveled single crystals 
(After Bennett and Sawyer. 21 ) 
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Diagram of furnace section of the zone-leveling crystal grower shown 
(After Bennett and Sawyer. 27 ) 



Figure 3.10. A zone-leveled single crystal prepared in the apparatus of Figures 
3.8 and 3.9. The scale is in inches. 
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50 per cent of the ingot length and with a dislocation density as measured 
by etch pit techniques of approximately 1500 per square centimeter with a 
typical growth rate of 2.5 X 10 -4 cm sec -1 . A crystal such as that illustrated 
in the photograph can be produced in approximately 18 hours. 

Crystal Pulling 

The growth of germanium and silicon single crystals 49-53 by the pulling 
technique 54 - 55 following the pioneering work of Teal and Little comprises 
perhaps the best studied system of crystal growing from the pure liquid 
phase. Furthermore, many of the parameters that have been quantitatively 
defined in the pulling method are directly applicable to growth from the 
pure melt by other methods. For this reason the pulling method, especially 
as it has been applied to germanium and silicon, will be discussed in detail. 

Figure 3.11 shows the basic elements of a crystal puller. The semi¬ 
conductor melt is contained in a suitable crucible, A , which is in turn heated 
by an energy source, B. Both resistance heating and radio frequency in¬ 
duction heating have been successfully employed. The seed, C, is held in a 
shaft, D , which can be raised at a carefully controlled rate and simul¬ 
taneously rotated if so desired. 

To grow a crystal, the melt is first held at a temperature slightly above 
the melting point of the material. The seed is touched to the melt in the 
center of the crucible and the temperature is raised slightly in order to 
melt a small portion of the seed. This insures that the melt wets the seed. 
The temperature is then lowered until the melt begins to freeze onto the 
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seed. At this point the mechanism, which slowly raises the seed away from 
the melt, is started. As the seed is lifted, the grown portion of the crystal 
is cooled by conduction along the cold seed and seed holder and also by 
conduction and radiation to its surroundings, thus dissipating the heat 
of fusion. Growth is continued to any desired point, where it can then be 
stopped by rapidly pulling the growing crystal away from the melt. A 
skilled operator can often pull the entire melt from the crucible into a 
single crystal. Should spurious nucleation occur during growth, the op¬ 
erator can melt that portion of the crystal back and begin again. The 
growing crystal and the melt surface are easily visible during growth and 
this is one of the advantages of the process. It is especially important in 
the growth of semiconductor crystals that the melt surface is accessible 

so that impurities can be added (e.g., by tube E in Figure 3.11) and stirred 
into the melt during growth if desired. 

A further advantage of the pulling technique is that the growing crystal 
and the liquid-solid interface do not contact a crucible wall. This greatly 
reduces the chances of contamination of the grown crystal and also pre¬ 
vents any mechanical deformation of the crystal that might be produced 
as the crystal cools because of the differences between the thermal contrac¬ 
tions of the crystal and the crucible. For example, silicon crystals are usu¬ 
ally grown from silicon melts contained in a fused silica crucible even though 
silicon reacts with and wets silica. It is not possible, however, to grow 
single crystals of silicon in silica crucibles by the techniques described in 
the previous section in which the grown crystal contacts the crucible wall, 
as the solid silicon sticks to the silica crucible with such tenacity that the 
perfection of the crystal is impaired by stresses arising from differential 
contraction as the crystal is cooled. The separation of the liquid-solid inter¬ 
face from a crucible wall also avoids spurious nucleation which occurs 
because of chemical reaction between the melt and the silica crucible. 

Usually the temperature of the wall of the crucible is kept above the 
melting point of the substance in order to prevent spurious nucleation. 
Under some conditions this region may cool below the equilibrium melting 
point since very pure melts can often be appreciably supercooled without 
nucleating. In general, however, with a hot crucible wall the thermal 
gradients are such that heat flows from the crucible into the crystal-melt 
interface, and from there into the grown portion of the crystal. The rate 

at which maco 10 added onto the crystal io determined by the difference 

between these two thermal fluxes. If there is a net accumulation of heat 
at the crystal-melt interface, the crystal will melt. If there is a net loss of 
heat at this point, the crystal will grow at a rate determined by the rate 
at which the heat of fusion is dissipated. 

Generally the thermal conductivities and heat capacities of the liquid 
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and solid semiconductor are not known sufficiently accurately to permit a 

detailed statement of the conditions necessary to achieve a particular 

crystal growing result. Furthermore, the conditions change continuously 

during the growth of the crystal. As the melt is depleted and the crystal 
grows larger and larger, both the thermal input into the melt and the paths 

for heat loss change significantly. Thus the first growth of a crystal is 

usually carefully monitored. Once the necessary conditions for the desired 

result are determined, the crystal pulling machine can be programmed to 

reproduce the necessary conditions. 

The shape of the pulled crystal can be determined by controlling the 
variables during crystal growth. Since the mass of crystal grown per unit 
time depends upon the thermal gradients in the melt and the crystal, and 
the length of the crystal depends on the rate of pull, the diameter of the 
crystal can be determined by controlling the thermal gradients and/or 
the rate of pull. 56 In general, the cross section of the crystal perpendicular 
to the axis of growth is not circular. During growth the crystal tries to 
develop a set of equilibrium faces which are the crystal planes with the 
lowest surface free energy. This effect tends to produce a cross section of 
some polygonal shape. On the other hand, the surface tension of the melt 
tends to produce a circular liquid-solid interface. The resulting cross sec¬ 
tion is a compromise between these two forces. Figure 3.12 is a photograph 
of some pulled germanium crystals. The growth direction was [100]. The 
flat sides of the crystals correspond approximately to (110) planes. Figure 
3.13 is a photograph of a silicon crystal grown in the same crystal direction. 



Figure 3.12. Pulled germanium single crystals grown with automatic program¬ 
ming to produce a uniform diameter over the first half of the crystals. The flat sides 
are approximately (110) planes. Scale in inches and centimeters. 
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Figure 3.13. A pulled silicon single crystal, approximately 10 cm in length. The 
seams along the length are the remnants of (110) planes. 

Here the surface tension of the melt is apparently so high that the cross 
section is essentially circular. There are, however, remnants of the (110) 
planes which appear as raised seams along the length of the crystal. The 
germanium crystals in Figure 3.12 were programmed during their growth 
in an attempt to produce as uniform a diameter as possible over the first 
half of the crystal. The uniformity among these crystals is evidence of the 
success that can be achieved in this manner. The programming consists 
of a change both in heat input as well as pull rate in order to compensate 
for the changing thermal conditions as the crystal is grown. 

The effect of growth rate on impurity distribution was mentioned on 
p. 90 and is described in detail in Chapter 4. Many of the studies mentioned 
in that chapter were performed in crystal pulling apparatus. This technique 
is admirably suited for such studies since the pulling rate gives a convenient 
control of linear growth rate. Thus, the pulling rate may also be program¬ 
med to control the impurity content of the crystal just as it can produce a 
tailored crystal shape. By controlling both pull rate and power input, these 
two aims can be realized simultaneously. Controlled stirring in the crystal 
puller is also readily achieved by rotating the shaft which supports the 
crystal and using the crystal itself as the stirrer. 

In the crystal-pulling apparatus, stirring can also be accomplished by 
rotating the crucible as well as the crystal. 52 In addition to stirring the melt, 
rotation of the crystal or crucible serves to minimize any thermal asym¬ 
metries in the system. If the crucible is not symmetrically located in the 
furnace, one side will tend to be cooler than the other. If the crystal is 
not rotated, it will tend to grow toward the cooler side of the crucible. A 
difference of only a fraction of a degree can produce a noticeable effect. 
Rotation of the crystal will usually overcome these effects by removing such 
gradients in the melt. Even if the temperature difference is not completely 
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eliminated, every side of the crystal will be exposed to the cooler side of 
the crucible during each rotation and the crystal will grow symmetrically 
about the axis of rotation. 

The effects of asymmetrical heating of the crucible may also be reflected 
in the distribution of impurities. 23 As a given portion of the crystal passes 
a cooler spot the growth rate increases, and it decreases as it passes a hotter 
region. Thus a given portion of the crystal suffers a fluctuation in growth 
rate with a period equal to the period of rotation. If the melt contains 
impurities with distribution coefficients which are sensitive to growth rate, 
fluctuations in the impurity concentration will also be produced. 

This is illustrated in Figure 3.14 which is a photograph of a cross section 
of a silicon crystal. The crystal was grown from an almost compensated 
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melt. Growth rate fluctuations at the edges of the crystal caused by thermal 
asymmetries have produced p-n junctions which are seen as the thin dark 
lines emanating from the edges of the crystals. These junctions actually 
form a helix around the crystal with a pitch equal to the rotation rate 
divided by the pull rate. 

By rotating the crucible and crystal in the same direction and at the 
same velocity, thermal asymmetries can be minimized without producing 
any stirring of the melt. This may be advantageous if the crucible is a sus¬ 
pected source of contamination. In this case, stirring would only increase 
the contamination and should be avoided. This technique has been used 
to grow geometrically symmetric silicon single crystals with low oxygen 
contamination (see the following section). 

There have been many mechanical variations of the general principles 
illustrated in Figure 3.11 in the building of a practical crystal puller. There 
is at yet no single design which has proved to be superior in all respects. 
The crystal puller which will now be described in some detail has been used 
lor several years at the Bell Telephone Laboratories for the production of 
germanium and silicon single crystals of widely varying specifications. Its 
primary virtue lies in its flexibility. Figure 3.15 is a photograph of the 
crystal puller and its associated heating and control equipment. Furnace 
energy is supplied by a 10 kilowatt, 450 kilocycle oscillator which heats a 



Figure 3.15. A crystal pulling machine with associated r.f. power oscillator and 
control equipment. 
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r*aphite susceptor. Figure 3.16 is a diagram of the growing chamber of 
*his crystal puller. Germanium melts are usually contained directly in 
'he graphite susceptor. Because of its chemical reactivity, silicon is melted 
m a fused silica liner. The temperature is measured at some predetermined 
point in the graphite susceptor. The platinum:platinum-10 per cent rho- 
iium thermocouple is shielded in a molybdenum tube which protects it 
from the ambient atmosphere and also shields it electrically from the radio 
frequency field. The chamber itself is a large fused silica tube which is 
sealed into water cooled brass plates. The seed crystal is held in a stain¬ 
less steel shaft which enters the growing chamber through a compressed 
polytetrafluoroethylene O-ring. The shaft and a motor which provides 
'haft rotation are mounted on a metal platform above the growing cham¬ 
ber. This platform is raised and lowered by a screw which is activated by a 
notating nut that is driven by a second motor. The speeds of both these 
motors are governed by controllers. 

Germanium and silicon single crystals can be grown in this apparatus 
pull rates from 10 -4 cm sec -1 to approximately 3 X 10 -2 cm sec -1 . 
Growth rate fluctuations arising from uncontrolled temperature changes 
are estimated at about 10 -4 cm sec -1 and this sets the lower limit of con¬ 
trolled growth rate. At rates much above 3 X 10 -2 cm sec -1 , it is difficult 
to obtain single crystals. More efficient cooling of the growing crystal would 
probably permit more rapid growth. Over the range of growth rates from 
10 -4 to 3 X 10 -2 cm sec -1 , no systematic variation in crystal properties 
has been observed other than rate growing variations in impurity distribu¬ 
tion coefficients (see Chapter 4). Minority carrier lifetimes at the levels 
obtained in this apparatus (up to 1000 jusec) are not dependent on growth 
rate in this range. Kurtz, Kulin and Averbach 57 have observed a rapid 
increase in dislocation density in germanium crystals grown in a boat at 
rates greater than 10 -3 cm sec -1 . It is not clear, however, whether the in¬ 
crease in dislocation density is caused directly by the higher growth rate 
or by the more severe thermal gradients in the crystal that must be im¬ 
posed to achieve the faster growth. 

The gas atmosphere in which the crystal is grown is generally supplied 
by an inlet at the top of the growth chamber and goes out the bottom of 
the chamber. The gas is thus carried over the growing crystal and then out 
the bottom of the chamber. This provides further cooling of the growing 
crystal. Germanium can be grown in nitrogen, hydrogen or the noble 
gases, helium and argon. Silicon is conveniently grown in hydrogen, helium 
or argon. 

It has been reported that silicon crystals can also be grown in nitrogen 
provided the nitrogen is not “activated”. 58 In the presence of large r.f. 
fields when induction heating is used and especially at low pressure, a 
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gaseous discharge will occur which produces active nitrogen Such 
vated nitrogen will react rapidly with molten silicon. If however, the 
pressure of nitrogen is too large for discharge to occur or lf heating s y 
resistance and no r.f. fields are present, the nitrogen is not activated and its 
reaction with molten silicon is so slow that it will not interfere with smg 

CF The temperature control system* 6 employs the thermocouple to monitor 
the crucible temperature. In addition, a pick-up coil which is loosely coup 
to the radio frequency heating coil is used to sense rapid fluctuations in 
the radio frequency power before they can produce serious temperature 
fluctuations. The thermocouple signal and pick-up coil signal are omb. 
to actuate a servo system which adjusts the power output of the radio 

^Another excellent control system designed especially for crystal pulling 69 
employs a photocell as the temperature sensor. The radiation from t e 
crucible is focused on the photocell and the resulting signal is amplified 
to drive a recorder and controller which adjusts the r.f. generator, 
radio frequency power is monitored in this system also and provides power 
adjustment which anticipates and suppresses temperature fluctuations. 
This system is very sensitive and has the additional advantage of not re¬ 
quiring any physical contact between the temperature sensitive element 
and the crucible and melt. This removes another source of contamination 

and may permit a simpler design of the crucible and its support. 

One of the most common variants of the above apparatus is the sub¬ 
stitution of a resistance furnace for the radio frequency induction fur¬ 
nace 30 ■ 62 This simplifies the power supply and control equipment. I he 
actual furnace design is, however, usually somewhat more complex for 

resistance heating. 

An advantage of induction heating is the physical separation of the 
energy source (the induction coil) and the object to be heated. This greatly 
reduces the chance of contamination. If a resistance furnace is used, partic¬ 
ular attention must be paid to the materials of construction. A graphite 
helix or split cylinder is commonly used 62 since graphite of high purity 
is available. Refractory metal coils can also be used 39 providing they are 
physically isolated from the growing crystal or their vapor pressure is 
sufficiently low and they do not contain volatile impurities that are electri- 

cally active in the semiconductor. 

When a graphite resistance heater is employed, a source of low voltage, 
high current electrical power is necessary. The supply for a typical puller 
designed to produce 100 gram silicon crystals might require 1000 amperes 
at five volts. A real advantage is often gained in the control equipment. 
The thermal inertia of a resistance furnace is often much greater than that 


110 


SEMICONDUCTORS 


of an induction furnace and less elaborate controls are required. Conversely 

it is more difficult to produce rapid changes in thermal conditions with a 
resistance furnace. 


Another novel heating arrangement has been described by Pfann, Benson 
and Wernick. 60 They point out that if a current is passed through the junc¬ 
tion of molten and solid semiconductor, a Peltier effect will be observed. 


One current direction will cool the junction and the opposite direction will 
heat the junction. Used in conjunction with other auxiliary furnaces, this 
effect can be used to produce very rapid temperature changes right at the 
liquid-crystal interface and thus produce very rapid fluctuations in growth 
rate. Rate grown junctions can be prepared by this technique. 

Apparatus has also been designed to permit single crystal pulling in 
vacuum. 52 It has recently been shown that germanium and silicon single 
crystals may contain appreciable quantities of dissolved gases, notably 
oxygen and hydrogen. 61 ' 63 Oxygen is known to produce significant electrical 
effects in silicon. 64 - 65 Furthermore, inert gases may contain traces of im¬ 


purities which are electrically active in semiconductors. Vacuum techniques 
remove this possible source of contamination. 


\ acuum pulling has also been used to achieve a more precise control of 
impurity concentration in crystals. It has been difficult to obtain a precise 
control of boron doping during the growth of germanium single crystals 
in apparatus using inert atmospheres. Very slight traces of oxygen pref¬ 
erentially oxidize the boron from the germanium melt. (A similar technique 
has been intentionally used to remove boron from silicon). 66 By pulling 
germanium crystals in vacuum, controlled additions of boron can be made. 24 

In the other direction, vacuum crystal growing helps to remove volatile 
impurities. Arsenic, antimony, gallium and indium are rapidly removed 
from silicon by vacuum melting. Phosphorus is removed more slowly 
and this process has been used to produce n-type silicon of uniform resis¬ 
tivity. 67 Ihe evaporation of phosphorus is controlled so that phosphorus 
is lost by evaporation at just the rate it is rejected by the growing crystal 
(the distribution coefficient of phosphorus in silicon is approximately 0.3). 

It was pointed out on p. 91 that if a crystal is grown from a finite volume 
of impure melt under constant growth conditions, a normal freezing dis¬ 
tribution of the impurities will occur (Eq. 3.2). This happens because as 
the melt volume decreases, the impurity concentration in the melt tends 
to increase (k eff < 1) or decrease (k eff > 1) unless the effective distribution 
coefficient is unity, this effect makes difficult the production of large 
crystals of uniform resistivity. Zone leveling, rate growing and balancing 
of segregation by loss by evaporation have been discussed as methods of 
circumventing the difficulty. Another technique that has proved successful 
is to continuously add to the melt solid material of the same composition 
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Figure 3.17. Schematic illustration of a two-reservoir crystal puller which permits 
continuous addition of polycrystalline charge as a single crystal is withdrawn. 

as the crystal that is being pulled. II the melt volume stays constant, a 
uniform crystal can be pulled. 

Figure 3.17 is a schematic illustration of a crucible that permits semi¬ 
conductor additions. 30 * 68 * 69 As a crystal is pulled from one section, a poly- 
crystalline ingot of the proper composition is added to the other section. 
If an impurity of very small distribution coefficient is used, a pure poly¬ 
crystalline ingot can be added. This is very similar to the zone leveling 
process with the melt in the crucible acting as the zone. Antimony doped 
germanium crystals 25 cm long and 3 cm in diameter have been grown 
with resistivity variations of less than 15 per cent along their length. 68 

Another variation worthy of note which is of particular interest for ma¬ 


terials which decompose at their melting point is the development of a 
crystal pulling apparatus which can be sealed and operated at elevated 
temperatures and with appreciable pressures of volatile elements such as 
arsenic and phosphorus. Figure 3.18a shows a machine described by Grem- 
melmaier. 70 The entire growing chamber is sealed into a fused silica tube 
which is completely surrounded by furnaces. The larger furnace controls 
the minimum temperature of the system and thus the vapor pressure of 
the volatile components. The smaller furnace provides the higher localized 
temperature necessary to melt the semiconductor. The pulling motion is 
provided by a large external magnet which can be moved relative to the 
growing chamber. This magnet couples to a high curie point alloy which 
is sealed into the pulling shaft and which will follow the magnet’s motion. 
Single crystals of GaAs and In As have been produced in this apparatus. 

Another apparatus for pulling GaAs single crystals uses a pool of liquid 
gallium to provide a vapor tight seal which prevents the loss of arsenic 71 
(Figure 3.18b). The pulling and rotating motions are transmitted by a 

sleeve which is immersed in the pool of gallium. 

Crystal pulling is widely used in germanium and silicon technology. 
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Figure 3.18. Diagrams of sealed crystal pullers that permit the growth of crystals 
which are volatile at the melting point; (a) sealed tube. 

Crystals as large as 15 cm in diameter have been grown. 72 It has been ap¬ 
plied successfully although not as extensively to other semiconductor 
and metal systems including InSb, 73 - 74 GaSb 75> 76 ■ 77 GaAs, 70 InAs, 70 bis¬ 
muth 78 and tellurium, 79 to mention a few. Perhaps its two most salient 
features are the lack of crucible restraint on the growing crystal and the 
freedom of observation and access to the liquid-solid interface during 
growth. Among its limitations are the necessity of a crucible to hold the 
melt, the elaborate controls required to control the crystal shape and the 
mechanical complexities in designing a closed system for volatile materials. 
Other systems which will now be described circumvent some of the dif¬ 
ficulties but often at the expense of some of the advantages of crystal 
pulling. 
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Growth without a Crucible 

While very satisfactory single crystals of silicon have also been produced 
by the pulling technique, the chemical reactivity of molten silicon has 
made it difficult to find an entirely satisfactory crucible to contain the melt. 
The only crucible material which has proven generally useful is fused silica. 
However, molten silicon reacts with silica. 

Si(Z) + SiO 2 (s) *=> 2SiO (g) (3.3) 

The equilibrium vapor pressure of SiO produced by this reaction at 1412°C, 
the melting point of silicon, is estimated to be 10 mm of Hg. 80 Thus the 
SiO can vaporize from the molten silicon at an appreciable rate 64 and the 
reaction will continue throughout crystal growth. During the pulling of a 
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silicon single crystal from its melt there is a visible attack of the fused 
silica crucible. Boron is a common impurity in fused silica and is released 
into the silicon melt during its reaction with the silica crucible. Further¬ 
more, it has recently been demonstrated that appreciable quantities of 
oxygen will also dissolve in the melt and be incorporated into the silicon 
crystal. 62 Oxygen is an electrically significant impurity in silicon 64 - 65 and 
will also affect its chemical properties, in particular, the manner in which 
the silicon etches. 81 

In order to avoid the problems of crucible contamination, crystal grow¬ 
ing techniques have been developed which make a crucible unnecessary. 
Verneuil was one of the earliest to develop a crucible-free technique. 82 His 
apparatus is shown in Figure 3.19 and was designed for the growth of single 
crystals of alumina. The powdered polycrystalline material is placed in a 
container, A , and is fed into a stream of combustible gas which enters at 
B. Oxygen enters at C and is mixed with the gas stream which is laden with 
the crystal powder. The mixture is ignited at nozzle D. The resulting flame 
is directed at a boule of material, E. The flame is adjusted so that the top 
of the boule is molten and the molten region clings to the boule by virtue 
of its surface tension. As the molten region grows through the addition of 
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Figure 3.19. Schematic diagram of Verneuil apparatus for growing crystals from 
a melt without a crucible. 
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powder from the flame, the boule is slowly lowered. The rate of lowering 
controls the rate at which the molten region freezes and by careful adjust¬ 
ment a single crystal can often be grown. In addition to alumina, crystals 
of spinels, 83 titanium dioxide, 84 mullite, 85 and scheelite 86 have also been 
prepared by this technique. 

One of the principal disadvantages in the original Verneuil technique is 
the difficulty of achieving precise temperature control with a flame. Also, 
because of the chemical nature of the flame, many materials cannot be 
grown with this source of thermal energy. For example, silicon powder 
would be immediately converted to silicon dioxide. Variants of the pro¬ 
cedure 87 have utilized radio frequency induction heating as the source of 
thermal energy. This permits the molten boules to be surrounded with an 
envelope containing an inert atmosphere and makes possible the growth of 
highly reactive materials. A better control of temperature and thermal 
gradients is also achieved. 

* Another crucible-free technique combines crystal pulling with a par¬ 
tially melted boule. This is illustrated in Figure 3.20 and has been success¬ 
fully applied for the growth of silicon crystals. 88 A large silicon ingot, A, 
is supported vertically in the lower part of a tapered silica envelope. The 
top of this ingot is melted by a suitably designed radio frequency induction 
coil, B. A seed crystal, C, is supported from a shaft in the narrow part of 
the tapered envelope. Using the seed, a single crystal is pulled from the 
molten top of the silicon boule just as in ordinary single crystal pulling. 
As the crystal is pulled, the boule is moved slowly upward into the radio 


i 



Figure 3.20. A crucible-free technique of growing from the melt. As the single 
crystal, C, is drawn from the melt, polycrystalline boule, A, is moved up into the 
heater, B, to replenish the melt. 
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frequency coil so that the crystal-liquid interface remains essentially fixed 
relative to the coil. The process is continued until the desired length of 
crystal is produced or until the boule is depleted. This process utilizes the 
advantages of crystal pulling without the disadvantage of possible crucible 
contamination, and yields crystals up to 2 cm in diameter. By using a 
similar technique, Dash 89 was able to grow small crystals which were free 
of dislocations and also contained very low concentrations of oxygen. He 
used a silicon pedestal that was slotted longitudinally to prevent coupling 
to the r.f. heating field. A small pellet of silicon was placed on the pedestal 
and melted by induction. By using small seeds oriented in the [111] or 
[100] direction, dislocation-free crystals could be grown. In these orienta¬ 
tions, any dislocations that were present in the original seed could be 
forced to grow out of the crystal. He observed that once a dislocation-free 
crystal was growing, large variations in growth rate would not produce 
dislocations. Also, it was not necessary to resort to afterheaters to keep the 
crystals dislocation-free. These results are interesting in that they indicate 
that large concentrations of dislocations that result in other crystals be¬ 
cause of thermal gradients or growth rate fluctuations probably require the 
presence of some original dislocations to permit their generation. 

A technique which has recently found wide application in the growth of 
silicon crystals is the floating zone process (Figure 8.21). fi6 • 9 °. 91 An ingot 

of silicon, A, is supported at its end by two chucks. By means of a suitable 
furnace, B, (radio frequency induction heating is often employed) a small 
section of the silicon rod is melted. If the molten section is not too long, it 
will be supported between the two solid portions of the rod by virtue of 
the surface tension of the liquid silicon. The rod can now be moved relative 



Figure 3.21. Diagram of the basic elements of the floating zone technique. 
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to the heater, and in this way the molten region can be made to traverse 
the entire length of the rod. By the repeated passage of several zones 
through the rod in this manner, zone refining can be achieved. Further¬ 
more, by starting with a single crystal seed, C, at one end of the lod, a 

single crystal can be grown. 

The primary advantage of the floating zone technique lies in the absence 
of many of the sources of contamination that are present in other crystal 
growing processes. Since the solid semiconductor serves as a crucible for its 
own melt, crucible contamination is no longer a problem. If heating is 
performed by a radio frequency induction coil, this coil can be placed out¬ 
side of a water cooled jacket so that the only part of the crystal growing 
apparatus that is hot is the semiconductor itself. This leaves the atmosphere 
as the only major source of contamination, and since the piocess is readily 
adaptable to vacuum, this last source of contamination is also removed. 

The floating zone technique is particularly well adapted to materials of 
low densities and high surface tension in the liquid state. The surface ten¬ 
sion is primarily responsible for the stability of the molten zone between 
the two solid portions of the ingot. The gravitational field on the other 
hand, tends to make the zone collapse. Since the gravitational field acts on 
the liquid, it manifests itself as a hydrostatic pressure. The longer the 
molten zone, the greater the hydrostatic pressure head. At some point, 
this pressure head will be large enough to overcome the surface tension, 

and at this point the molten zone will collapse. 

The conditions for zone stability have been studied by Keck 92 and by 
Heywang. 93 Figure 3.22 shows Heywang’s results for a cylindrical rod. 
This analysis assumes that the only active forces are surface tension and 
the gravitational field, that the melt completely wets the solid, that there 
is no volume change on melting, and that the liquid-solid interfaces are 
planes perpendicular to the gravitational field. It can be seen that as the 



Figure 3.22. Heywang’s stability conditions for a floating zone. The ordinate, X, 
is proportional to the maximum stable zone length, l. Ihe abscissa, p, is proportional 
to the rod diameter, r. The density of the liquid is d, g is the gravitational constant, 

and o' is the surface tension of the liquid. 
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rod diameter increases, the maximum stable zone length rapidly approaches 

an asymptotic value of about 2.7 (dg/a)~^. From this analysis, it appears 

that there is no theoretical limitation on the maximum diameter crystal 

that can be grown by the floating zone method providing the maximum 

zone length is not exceeded. In practice, it is difficult to melt completely 

through a rod and maintain a zone length much smaller than the rod 

diameter This would indicate that crystals could be grown with diameters 

only slightly larger than 2.7 ( dg/a )-«. Applying this estimate to silicon 

assuming a liquid density of 2.49 grams/cc,^ a surface tension of 720 

dynes/cm 90 and g equal to 980 cm/sec 2 , the maximum zone length is 1.5 

cm. Silicon crystals 2 cm in diameter have been successfully grown in the 

oating zone apparatus using 5 mcps induction heating with a zone length 

of approximately 1.5 cm« This result is not in disagreement with the pre- 
diction from Heywang’s analysis. 

By the use of low frequency electromagnetic fields and the proper design 
o the induction coil, it is possible to produce a substantial levitating force 
as a result of the interaction of the applied low frequency electromagnetic 
held and the field due to induced eddy-currents in the liquid. 96 Some levita- 
tion can be observed at fields as high as five megacycles, although lower 









Figure 3.23. An automatic 
technique. ( After Buehler , 98 ) 


machine for growing crystals by the floating zone 
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Figure 3.24. Diagram of the mechanical design of the floating zone machine of 
Figure 3.23. (After Buehler , 98 ) 

frequencies would he more effective. By the use of such levitating fields at 
500 kc, it has been possible to grow single crystals of silicon up to 25 cm in 
diameter under conditions where the zone would otherwise collapse. 97 

Recently a completely automatic floating zone machine has been de¬ 
scribed by Buehler. 98 A photograph of the machine is shown in Figure 3.23. 
The apparatus incorporates mechanical controls which permit the passage 
of any desired number of zones through a semiconductor rod without man¬ 
ual supervision. The mechanical features of the apparatus are indicated in 
Figure 3.24. The silicon rod is held in the cage assembly and surrounded by 
a silica tube through which a protective atmosphere (usually hydrogen) is 
passed The cage assembly is driven up and down by a screw actuated by 
a rotating nut and the travel motor. The radio frequency coil remains 
stationary. Limit switches control the length of a given zone pass and actu¬ 
ate a switching panel which programs the operation, controlling the power 

and the rate and direction of travel of the cage assembly. 

In order to make automatic floating zone refining and crystal growing 
possible, it is necessary to have a means of automatically maintaining a 
constant molten zone length in the silicon ingot. Figure 3.25 shows how 
this is done in Buehler’s apparatus. The curve is a schematic plot of the 
efficiency of power transfer from the oscillator circuit to the silicon ingot 
as a function of the ratio of the load impedance, Z L , to the oscillator im¬ 
pedance, Z s • The maximum efficiency of the heating arrangement results 
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Figure 3.25. Efficiency of power transfer as a function of the ratio of load 
impedance to oscillator impedance in the automatic floating zone machine. Zl rep¬ 
resents the load impedance seen by the oscillator looking from terminals A-B (see 
insert). Zs is the oscillator impedance seen by looking into the oscillator from 

terminals A-B. 

when the ration Z L IZ S is unity; that is, when the load and source of power 
are matched in impedance. Having established the desired zone length, 
suppose that a power fluctuation occurs which tends to melt more silicon. 
The conductivity of molten silicon at the melting point is approximately 
30 times greater than the conductivity of solid silicon," and thus melting 
more of the silicon rod tends to decrease the load impedance. Suppose the 
original impedance match was at point X on the curve. Melting more 
silicon has decreased Z h and thus moves the operating point to the left in 
the figure. Since this increases the mismatch in impedances, less power is 
delivered to the load and this tends to counter-balance the original power 
fluctuation which made more silicon melt. In a similar manner, a fluctuation 
tending to cause silicon to freeze out and shorten the zone length would 
move the operating point to the right in the figure, matching the impedances 
more closely and delivering more power to the load. Thus working at any 
point where the ratio of load to source impedance is less than unity will 
give a stable circuit. On the other hand, working at a ratio greater than 
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unity will lead to instabilities and a small fluctuation will produce a run¬ 
away condition. 

It has proved possible to remove all of the important electrically active 
impurities that are commonly found in silicon except boron by use of the 
floating zone refiner and crystal grower. Boron is not effectively removed 
because its distribution coefficient is very near unity. Theuerer has devel¬ 
oped a chemical technique which permits the removal of boron in the float¬ 
ing zone apparatus. 66 If water vapor is passed over the molten zone, boron 
is selectively oxidized and vaporized out of the silicon, dheuererhas studied 
the kinetics of this process and his results are described by the following 

equation: 

log C - = —0.013 y t y/P (3.4) 

where C is the boron concentration after treatment for time t, C„ is the 
initial boron concentration, P is the water vapor pressure, A is the surface 
area of the liquid silicon zone and V is the volume of the zone. Using this 
technique silicon of 10,000 ohm cm resistivity has been obtained with a 

lifetime of approximately 1500 microseconds. 98 

The freedom from contamination in the floating zone apparatus has 

been demonstrated by the experiments of Theuerer, Whelan, Buehler, and 
Bridgers 100 on the heat treatment of silicon crystals. They were able to heat 
a silicon single crystal to 1200°C for 30 minutes or longer and still main¬ 
tain a minority carrier lifetime in excess of 200 microseconds. A similar 
heat treatment in any other environment that has been studied to date 
would reduce the lifetime to less than 1 microsecond. The degradation of 
lifetime in silicon crystals is a very sensitive test of the cleanliness of a 
crystal growing apparatus. An essential feature in maintaining this high 
lifetime is the water curtain which cools the outside of the fused silica 
envelope. If the water is turned off during crystal growing or the subsequent 
heat treatment, the lifetimes obtained are usually below 5 microseconds. 
This water curtain is also important during the removal of boron by the 
wet hydrogen technique. Here again if the water is turned off and the silica 
envelope is permitted to heat up, the volatile oxides of boron are not ef¬ 
ficiently condensed on the silica envelope and the rate of removal of boron 

from the silicon is greatly reduced. 

The floating zone process has also been applied by Whelan and Wheatley 
to the preparation of gallium arsenide single crystals. 101 Gallium arsenide 
melts at 1237 ± 3°C. At the melting point of the stoichiometric composi¬ 
tion, the equilibrium vapor pressure of arsenic over the melt is 0.9 atmos¬ 
pheres. 46 Thus if gallium arsenide is melted in an inert atmosphere, the 
melt will lose arsenic, become nonstoichiometric, and single crystal growth 
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will he difficult. To prevent this, the system shown in Figure 3.26 was used. 
The system was sealed to prevent the loss of arsenic and auxiliary resistance 
furnaces kept the temperature everywhere in the system at a minimum of 
about 590°C. This corresponds to a vapor pressure over elemental arsenic 
of 520 mm of Hg. The zone was melted by using localized heating with a 
radio frequency induction coil. In this manner, decomposition was pre¬ 
vented and single crystals were grown. Good crystals were also obtained 
with arsenic pressures between 300 mm and 760 mm of Hg. 

In the floating zone apparatus described thus far, heating of the zone 
has been achieved by coupling directly to the semiconductor material with 
a radio-frequency induction coil. Heating can also be obtained by radiation 
from a resistance furnace. 90 ' 91 Electron bombardment has also been used. 102 
Wherever applicable, induction heating is usually preferred because with 
this technique only the semiconductor is heated. With other heating pro- 



Figure 3.26. Sealed floating zone apparatus for growing crystals of materials that 
are volatile at the melting point. 
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cedures heated foreign materials must generally be introduced into the 
crystal growing furnace and this greatly increases the possibilities of con- 
2SSEL Induction heating re„nire s , however, that the mate™ be f 
relatively lot. resistivity. It is difficult to achieve effic.ent mducbon heat 
ing with materials whose resistivity is much m excess ot 0.1 ohm c m ^ 
duction heating is possible with high resistivity silicon only 

resistivity'goTs to 0.1 ohm cm or lower and then the silicon can be heated 
by direct coupling to a radio frequency coil When heatmg, is done by 
electron bombardment, much higher resistivities.can betrtmtoAJY** 
heating with a resistance furnace, the resistivity of the .^nuconducto 
material is unimportant. It would, for example, be very difficult to 
alumina by direct radio frequency coupling. However, this ™ ate ™ 
been successfully melted by electron bombardment 

certainly be susceptible to heating by radiation from a resistance tuniac J. 
Heating by focusing the image of a high temperature source such as 
fuCeu filament,.- a carbon arc- or the ,u„« are other poaetbrht.ea 

'''ihem^rc'lrw'publishcd studies of impurity additions in the 
zone crystal grower although this aspect of the technique may prove to be 
7&ZI importance. Zone-leveling (See Chapter 4) has been wide y u ed 
to prepare uniform resistivity germanium. The technique had not 
used in silicon prior to the development of the floating 

Imffium as the doping impurity has been successfully accomplished in 
silicon using a floating zone and crystals with nominal resistivities of 0^5 
to 5.0 ohm-cm and resistivity variations of less than ±5 per cen o\ 

ner cent of their length have been prepared. 106 , 

P There are several possible techniques for the controlled addition 

impurities to Lmiconductor crystals which are grown in this marine. 

The impurity in the form of the element or a suitable alloy may be placed 

in a small notch in the semiconductor bar as illustrated in Iugure 3.27a. As 

the molten zone passes through this region, the impurity will be melted into 

Z bar. Similarly, the impurity may be diffused m to the "urf.ee » .be 

semiconductor bar prior to the zone melting operation. The impurity add 

tion may be restricted to selected regions of the bar by etching aw ay u 

hnpmity°by° suitable masking procedures. This is illustrated m Figure 
3 27b The impurity may also be added during the actual floating 

' one process provided a volatile form of the impurity is available. 
The volatile impurity can be added to the otherwise mert atmosphere 
which surrounds the crystal during its growth and can then enter the 
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(a) (b) 

Figure 3.27. The addition of impurities during crystal growth by the floating zone 
technique using (a) impurity pellets and (b) diffused layers of impurities. 

B 


OOO ,-MOLTEN ZONE 



B 

Figure 3.28. A zone process using a water-cooled boat and alevitated molten zone 
which does not contact the boat. 

molten region from the liquid-vapor interface. By controlling the vapor 
pressure of the impurity, it is possible to achieve an absolute control of 
the impurity grown into the semiconductor crystal. 

A novel technique recently developed by Raymond and Sterling 107 em¬ 
ploys a crucible to support the grown crystal but the molten semiconductor 
does not come in contact with the crucible. A hollow, boat-shaped silver 
tube as A in Figure 3.28 is used. Water is passed through the tube to keep 
it cool. A radio frequency coil, B, surrounds a portion of the boat outside 
of a protective silica envelope, C. A silicon ingot is placed in the boat. The 
radio frequency coil induces large, high frequency currents in the silver 
boat. The boat, in turn, induces currents in the silicon ingot. Because of 
the higher resistivity of the silicon ingot and the intense cooling of the 
silver boat, the ingot is melted but the boat remains unmelted although its 
melting point is several hundred degrees centigrade below that of silicon. 
Furthermore, the eddy currents in the silicon are phased in relation to those 
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in the silver boat so that large opposing magnetic fields are produced in the 
ingot and the boat. These fields provide sufficient force to lift the molten 
silicon out of contact with the silver boat. Several molten zones have been 
passed through a silicon ingot in such a silver boat without any detectable 
silver contamination in the resulting crystal. The efficient removal of im¬ 
purities other than boron by zone refining by this technique has also been 

reported. 

GROWTH FROM SOLUTION 

It was pointed out earlier that one of the advantages of growing crystals 
from a pure melt is that one need not worry about contamination by 
solvent molecules. However, if a proper solvent can be found, growth from 
solution has many advantages to recommend it. 

Some materials cannot be grown from the pure melt because they de¬ 
compose irreversibly at the melting point. This may be especially true of 
some organic substances which are of interest for their semiconducting 
properties. Other materials, although they decompose reversibly, may re¬ 
quire extremely high pressures which are difficult to obtain experimentally 
in order to prevent their dissociation. For example, the pressure of phos¬ 
phorus over the stoichiometric mixture of InP at its melting point is 60 

atmospheres. 116 

Some materials undergo phase transformations between the melting 
point and the temperatures at which they are to be studied. Although it 
may be possible to grow a single crystal from the pure melt, the crystal 
may be completely destroyed by the phase transformation during cooling 
to lower temperatures. Since single crystal growth from solution almost 
invariably permits growth at a temperature well below the melting point 
of the pure substance, this may be the only process by which the desired 
single crystals can be grown. 

Other advantages of the growth of crystals from solution are: much less 
demand is placed on furnaces and power supplies; highly reactive substances 
may be greatly moderated by dilution with the solvent and by the lower 
temperatures employed; and the problem of finding a suitable crucible 
material may be greatly alleviated. 

General Considerations 

The rate at which crystals can be grown from solutions is generally much 
smaller than the rate of growth from the pure liquid phase. It has already 
been pointed out that the rate controlling step when growing from the 
pure liquid phase is usually the dissipation of the heat of fusion from the 
solid-liquid interface so that this interface remains at the growing tempera¬ 
ture. In growing from solution an additional and usually much slower step 
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is added. Since the composition of the liquid phase is very much different 
from the composition of the growing crystal, time must be allowed for the 
solute molecules to diffuse through the solution and reach the growing 
crystal interface where they are deposited. 

With this in mind, the growth process can be divided into three steps. 
These are (1) the diffusion of solute to the crystal-solution interface, (2) 
the surface reaction by which the solute is deposited on the growing 
interface and (3) the dissipation of the heat of crystallization. In growing 
from a pure melt, the rate of growth is generally controlled by the dissipa¬ 
tion of the heat of crystallization (fusion). In growing from solution, steps 
(1) or (2) are usually rate controlling. 

The process of solute diffusion is readily analyzed if the appropriate dif¬ 
fusion coefficients are known and can often be controlled by such devices 
as mechanical stirring. The “surface reaction” step which here includes the 
nucleation of new layers as well as the growth of existing layers is still a 
subject of much discussion and conjecture. 108 It is generally agreed, how¬ 
ever, that this step is very structure sensitive. For example, it is well 
known that in growth from aqueous solutions, trace impurities have pro¬ 
found effects on the growth rate and growth habit of a crystal. 108 ’ 109 There 
is strong evidence that the growth rate is influenced by defects in the 
seed. 110 In some materials, good crystals can be grown only in a particular 
growth direction. 111 Seeds of another orientation will grow imperfectly un¬ 
til they are capped with material bounded by the proper planes. 

There is very little information on the structure sensitivity of the surface 
reaction step in nonaqueous solutions. There is practically no information 
in the case of crystal growth at high temperatures from metal or molten 
salt solutions. These latter cases are the ones that are generally of interest 
for semiconductor crystal growth. Because of this lack of knowledge, the 
subject must be discussed from an empirical viewpoint and the following 
discussion will be mainly a review of techniques. 

As mentioned above, solute diffusion and the surface reaction are invari¬ 
ably far slower than thermal diffusion so that growth rates from solution 
are much smaller than growth rates from the pure melt. Common rates of 
linear growth from the pure melt are centimeters per hour. In growing from 
solution, common rates of linear growth are 10“ 2 cm per hour. 

Another important contrast is in the techniques that must be employed 
in order to insure that a single crystal will result. We have seen that when 
the pure liquid phase is used, it is possible to produce the spontaneous for¬ 
mation of a single nucleus which will provide the seed for growing a large 
single crystal. This is achieved by cooling a very minute volume of the pure 
liquid below the melting point. Thus only a very small volume is made 
labile with respect to crystal growth and the chances are small that more 
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than one stable nucleus will form in this very small volume. In solutions, 
it is much more difficult to make a very small volume labile with respect to 
crystal growth. This is especially true in dilute solutions. If an attempt is 
made to cool a very small volume to the temperature at which growth can 


proceed, the thermal singularity which is produced will usually be dissi¬ 
pated into the bulk of the solution before enough solute can be assembled 
by molecular diffusion to permit the nucleus to form. The more concentrated 
the solution, the better the chances of obtaining the spontaneous formation 
of the single nucleus. Later, techniques will be described where spontaneous 
nucleation of a single crystal has been successfully achieved. In general, 
however, it is much more necessary to provide a single crystal seed during 
growth from solution than it is when the pure liquid phase is used. 

The choice of a suitable solvent is of the utmost importance. For semi¬ 
conductor applications, the solvent must either be essentially insoluble in 
the solid semiconductor crystal, or, if it has significant solubility, it must 
be electrically inactive. Furthermore, from general crystal growing consid¬ 
erations, the semiconductor should have an appreciable solubility in the 
liquid solvent. Low viscosity of the solvent is also desirable to facilitate 
transport of the solute by diffusion and by stirring. 

These considerations are sufficiently restrictive so that growth from solu¬ 
tion has been rarely used for the preparation of semiconductor crystals. 
There are a few cases, however, where the proper conditions have been 
met and semiconductor crystals have been grown with success. 


Solution Techniques 

Silicon crystals have been grown from tin solutions by Goss 112 using a 
saturated solution of silicon in tin at 900°C.* By cooling at a few degrees 
centigrade per hour in the presence of a seed crystal, oriented crystals up 
to 1 x 5 mm were grown on the seed. These crystals had resistivities of 
about 0.2 ohm cm. Although the crystals contained nearly one atom per 
cent of tin, the tin is electrically inactive. 113 However, he was not able to 
obtain crystals comparable in size and perfection to those grown by the 
pulling or floating zone techniques. 

Single crystals of AlSb, GaP, GaAs, GaSb, InP, In As and InSb have 
been grown using excess gallium, indium, or aluminum as the solvents. 110 
The liquid metal solutions containing 10 to 20 atom per cent of phosphorus, 
arsenic or antimony were heated slightly above the liquidus curve of the 
phase diagram and the solutions were then slowly cooled. Crystals up to 
12 mm in their largest dimension were prepared by this technique. The 
excess metals apparently have a very low solubility in the compounds, be¬ 
yond the amount required for stoichiometry. 

* Approximately 1.4 atom per cent silicon. 114 
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Figure 3.29. The growth of indium phosphide using excess indium as the solvent, 
(a) the indium container and phosphorus source; (b) temperature gradients in the 
furnace when growth is started, curve A, and at the conclusion of growth, curve B; 
(c) the indium-indium phosphide phase diagram. 

Large single crystals of indium phosphide have also been grown from a 
melt containing excess indium. 46 A sealed vessel similar to that shown in 
Figure 3.29a was employed. Indium was sealed in one end and phosphorus 
in the other end. The tube was then placed in a two zone furnace. The 
furnace had a temperature profile similar to that shown in Figure 3.29b. 
The phosphorus was placed in the low temperature region and the temper¬ 
ature was adjusted to produce a phosphorus vapor pressure of approxi¬ 
mately 5 atmospheres. The original temperature in the furnace is shown 
in curve A. The power to the hotter end of the furnace is slowly decreased, 
and at the end of crystal growth the temperature profile is given by curve 
B. The temperature, 1\ , at which the crystal is grown (indicated by the 
horizontal dotted line in Figures 3.29b and 3.29c) is appreciably below the 
melting point of the stoichiometric mixture of indium phosphide. This can 
be seen from looking at the phase diagram in Figure 3.29c. The phosphorus 
partial pressure in equilibrium with the stoichiometric mixture of indium 
and phosphorus which melts at temperature I\ is reported to be approxi¬ 
mately 60 atmospheres. 116 As more indium is added to the stoichiometric 
mixture, the partial pressure of phosphorus decreases, as does the melting 
point of the mixture. At composition X the phosphorus partial pressure is 
5 atmospheres and the melting point is now . In this system, compo¬ 
sition X corresponds to an indium concentration of approximately 63 atom 
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per cent, and a phosphorus concentration of approximately 37 atom per 
cent. Temperature T x is approximately 1025°C. 

Phis is an excellent example of the successful growth of a semiconductor 
crystal from a solution. It would have been quite difficult to design a simple 
system which would permit growth with phosphorus vapor pressures as 
high as 60 atmospheres. Furthermore, an ideal solvent was available (ex¬ 
cess indium). This solvent has a very low solubility (undetectable at 
present) in the desired crystal and furthermore introduces no impurities 
that would not be introduced otherwise. The only disadvantage is that 
slower growth rates must be used. Approximately 12 hours are required to 
prepare an ingot about 2 inches long and \ inch in diameter. If a stoichio¬ 
metric mixture were used, such an ingot could probably be grown much 
more rapidly. The slow rate is undoubtedly required because of the slow 

transport of phosphorus from the source in the cooler end of the tube to 
the growing interface. 

Another procedure which has produced relatively large single crystals of 
semiconductors involves the use of a temperature gradient across the solu¬ 
tion. 117 The principles of the technique are illustrated in Figure 3.30. The 
seed crystal is heated to temperature T 2 . A polycrystalline ingot of the 
pure semiconductor is placed in the same container and heated to tempera¬ 
ture Ti . Solvent of composition X 2 is placed between the seed and the 
polycrystal. The solvent melts dissolving practically none of the seed since 
it is saturated with the semiconductor at temperature T 2 . It does, how- 



PURE Xs X, X 2 .. PURE 

SEMI- SOLVENT 


CONDUCTOR 

Figure 3.30. Principles of thermal gradient crystal growing, (a) schematic repre¬ 
sentation of the system, (b) phase relations between the semiconductor and the 
solvent. 
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ever dissolve a portion of the polycrystalline ingot until the concentration 
of semiconductor in the solvent at the solvent-polycrystalline interface 
has reached the value X x . 

Thus the solvent at the solution-polycrystal interface contains more dis¬ 
solved semiconductor than at the solution-seed interface. Because of this 
concentration gradient, the semiconductor diffuses through the solution 
from the solution-polycrystal interface producing an increase in concentra¬ 
tion at the solution-seed interface. This region of the solution is now super¬ 
saturated and semiconductor will precipitate on the seed and the seed will 
grow. The composition of the growing crystal will be X s . If the temperature 
at the solution-seed interface is maintained at T 2 either by moving the 
seed relative to the furnace or by changing the temperature of the furnace, 
then the crystal which grows will have a constant composition X s . If no 
adjustment is made, the solution-seed interface will slowly move into a 
region of higher temperature and the composition of the growing crystal 
will vary along the solidus line. 

Similarly, as the solvent dissolves the polycrystal, the solution-poly¬ 
crystal interface also moves. If there is a continuous temperature gradient 
along the system, the zone of solution can be made to move an appreciable 
distance through the system dissolving polycrystal at the advancing inter¬ 
face and leaving behind single crystal at the retreating interface. Since some 
of the solvent is incorporated in the growing crystal, after a sufficiently 
long time the solution zone will dry up and growth cannot proceed further. 
This situation can be forestalled by adding solvent to the poly crystalline 
ingot so that it is replenished in the solution zone as rapidly as it is frozen 
out in the growing crystals. 

Wernick 118 has applied this technique to grow germanium single crystals 
using aluminum or gold as the solvent, and silicon single crystals using 
aluminum as the solvent. Very thin solution zones as small as 3 X 10 -3 
cm thick were used to grow appreciable regions of single crystal. 

Trumbore 113 has used the technique to grow single crystals of germanium 
and silicon using a large variety of solvents including tin, lead, zinc, gal¬ 
lium, and indium. No seed crystal was used but instead the cool end of the 
containing vessel was tapered in the manner similar to that used in Figure 
3.5a. In this way unique nucleation could be obtained and single crystals 
which weighed several grams were grown. 

A recent achievement of the thermal gradient technique was the growth 
of large single crystals of grey tin. Since grey tin is thermodynamically 
unstable above 19°C, crystals were previously grown by a solid state 
transformation and the resultant product left much to be desired in crystal 
size and perfection. Recently Tufte and Ewald have grown crystals up to 2 
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centimeters in size from mercury solution. 119 Tin was dissolved in mercury 
at — 20°C. The crystals were grown by spontaneous nucleation at — 30°C. 
the solution vessel was designed so that convection currents aided the 
transport of tin from the source to the growing crystal. The resulting 
crystals had an electron mobility of 90,000 cm 2 /volt sec at 77°K. The 
crystals contained approximately 0.001 per cent of impurities that could be 
detected by residual resistance measurements on the metallic phase pro¬ 
duced by transformation of the gray tin crystals. This is an excellent ex¬ 
ample of the use of a solution technique to grow crystals which cannot be 

grown from the melt because of phase transformation below the melting 
point. 

Another technique which relies on diffusion of the solute and a concen¬ 
tration gradient was used by Carment, Stello, and Bittman. 120 An ingot of 
gold was placed between a silicon seed and a polycrystalline silicon ingot, 
the gold was melted by a small heater and at 370°C a solution containing 
6 per cent silicon was formed. The heater was then moved along the boat 
dissolving polycrystalline silicon at the advancing interface and depositing 
single crystal silicon on the seed at the retreating interface. The temperature 
advantage here is striking since the method permits the growth of silicon 
at a temperature of 370°C, 1042° below its melting point. Of course, the 
silicon crystal produced in this manner is heavily contaminated with gold 
which is electrically active and usually undesirable. Furthermore, growth 
rates of about 3 X 10~ 3 cm per hour were necessary using gold while the 
pure semiconductor can be grown several thousand times faster. 

there are, of course, many other processes for growing single crystals 
from solutions. Growth from aqueous solutions have been widely applied 
to piezoelectric substances, optical crystals and many other crystals of 
physical and chemical interest. It is unfortunate that most of the semi¬ 
conductor systems that are currently of interest cannot be grown from 
water or other relatively low temperature solvents. For this reason these 
other techniques will not be discussed here. They have been adequately 
reviewed elsewhere 108 ’ 121 and should certainly be considered if there is any 
chance that they would be appropriate. 

There is another solution technique however which, although it is not 
currently being used to grow semiconductor crystals, shows much promise 
of being broadly applicable to a great many materials, particularly oxides. 
This is the hydrothermal method which takes advantage of the fact that 
many materials which are essentially insoluble in water at low temperatures 
become quite soluble at high pressures and at temperatures above the 
critical point of water. 122 ’ 123 The process has been extensively used for the 
growth of quartz crystals. 124 Using sodium hydroxide or sodium carbonate 
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solutions as solvents for the silica at temperatures near 400°C and pres¬ 
sures of 15,000 psi, quartz crystals weighing over 400 grams have been 
grown in five weeks. 

Hydro-thermal techniques have produced single crystals of alumina, 125 
ferrites, 126 and many minerals. 127 Although there are as yet no published 
applications to the growth of single crystals for semiconductor purposes, it 
has proved possible to apply the technique also to zinc oxide and to zinc 
sulfide. 128 

CRYSTAL GROWTH FROM THE VAPOR PHASE 

Many crystals of semiconductor interest will not melt at temperatures 
and pressures that are conveniently obtained in the laboratory and can¬ 
not be grown from solution because of the lack of a suitable solvent. In 
some cases, single crystals of these materials large enough for detailed 
investigation have been successfully grown from the vapor phase. 

For this technique to be applicable, the substance must either vaporize 
without undergoing any irreversible chemical changes or, alternatively, it 
must be possible to produce the desired substance by chemical reaction 
during the growth process. 

General Considerations 

Three stages can be defined during growth from the vapor phase. These 
are: (1) the transport of the vapor to the crystal surface; (2) the nucleation 
and growth of a new layer on the crystal surface; and (3) the dissipation 
of the heat of vaporization that is released. These stages are similar to the 
steps during growth from solution. However, the molecular diffusivity is 
generally more rapid in the vapor than in a liquid solution and is no longer 
so strongly rate controlling. Thus growth in the vapor phase can generally 
proceed more rapidly than growth from a dilute solution, although not as 
rapidly as growth from the pure melt. Linear rates of growth of several 
centimeters per day are common. In addition, the control of thermal gra¬ 
dients is more important during growth from the vapor than during growth 
from dilute solutions, although again not as important as during growth 
from the pure melt. 

Among the most important of the growth variables are the vapor pressure 
of the substance in the growing chamber and the temperature of the sub¬ 
strate on which the crystal grows. The vapor pressure is often controlled 
by adjusting the temperature of the source of the vapor. In this case, the 
difference between the source temperature and the substrate temperature 
determines the supersaturation of the vapor at the growing crystal. For a 
given system, the rate of growth will depend upon the degree of this super¬ 
saturation. 
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The dependence of growth rate on supersaturation varies widely for dif¬ 
ferent substances. It is possible to calculate the degree of supersaturation 
required to nucleate new layers on a perfect crystal face. Such calcula¬ 
tions 14 ’ 108 indicate that supersaturation ratios (the vapor pressure at the 
crystal interface divided by the equilibrium pressure at that temperature) 
of the order of 1.25 or higher are required to produce crystal growth at 
practical laboratory rates providing a macroscopic seed crystal is available 
on which new growth can proceed. In mercuric iodide, crystal growth does 
not occur until the predicted supersaturation ratios are achieved. 129 In a 
great many substances, however, appreciable growth will occur at super¬ 
saturation ratios as low as 1.001. 130 The ability of crystals to grow from the 
vapor phase at such low supersaturation has been attributed to the pres¬ 
ence of imperfections in the crystal face that provide nucleation sites. For 
example, the intersection of a screw dislocation with the surface 13 ' 14 forms 
a permanent step on the surface which acts as a persistent nucleus for new 
layers. Foreign particles can also affect growth. For example, it has been 
reported that particles of zinc oxide serve as nucleation sites which permit 
the growth of zinc crystals at very low supersaturation ratios. 130 

Very few detailed studies have been made of all the factors which affect 
the process of crystal growth from the vapor phase. In addition to the 
supersaturation ratio, the absolute value of the vapor pressure of the grow¬ 
ing material as well as the presence of any inert diluting gas will affect the 
thermal conductivity and the molecular diffusivity of the system and thus 
affect the growth rate. The growth habit can also be changed in this manner. 
For example, if the thermal conductivity of the vapor phase becomes large, 
the crystals may tend to grow in a habit which facilitates the dissipation 
of the heat of vaporization to the vapor phase rather than to the substrate. 
Thus dendritic growth or plate-like growth may be preferred. Kremhellen 131 
observed that in the growth of zinc sulfide crystals from zinc sulfide 
vapor, plate-like crystals could be formed by using large flow rates of 
helium gas. At small flow rates of helium, rod-like crystals were formed. 

If the crystal is grown by means of a vapor phase chemical reaction, the 
growth process is even more complicated. In addition to the transport of 
the reactants to the crystal interface, the nucleation of new layers and the 
dissipation of the heat of reaction and condensation, the rate of the 
chemical reaction must also be considered. It is possible in some cases that 
the rate of reaction may dominate the entire process. In some cases, un¬ 
desirable reaction products will be formed which must be removed from 
the vicinity of the growing crystal interface. For example, in the growth 
of cadmium sulfide crystals from cadmium vapor and hydrogen sulfide, 
the hydrogen that is produced must be removed from the system. 

In general, the growth of semiconductor crystals from the vapor phase 
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has been approached from an essentially empirical point of view. The experi¬ 
ence of earlier investigators can be used as a guide post. However, with the 
present state of knowledge, each new material must be approached as a 
separate problem and the conditions required to produce the desired results 
must be empirically defined. The remainder of this section will describe 
several techniques which have been successfully adapted to specific ma¬ 
terials. These may serve as a starting point for the development of pro¬ 
cedures for new materials. 

Direct Growth from the Vapor 

Direct growth from the vapor requires a temperature gradient. The 
source of vapor is placed at the high temperature and the crystal grows 
at the lower temperature. The vapor may be transported down the tem¬ 
perature gradient by diffusion or may be carried by an inert gas. Because 
of the physical separation of the source from the growing crystal, nonvola¬ 
tile contaminants in the source can often be tolerated. 

High temperatures are often required to achieve sufficient volatility of 
the source material. 4 he selection of a suitable container and furnace for 
growth at high temperatures may be difficult since the container must 
neither be volatile nor contain any volatile impurities. Fritsch 132 solved 
these problems in a novel manner in the growth of zinc oxide (Figure 3.31). 
A zinc oxide rod, A , served both as the source of vapor and as a heating 
element. Conical zinc oxide sections, B , served as the substrate. An auxil¬ 
iary furnace was used to pre-heat the zinc oxide elements to decrease their 
resistivity so that they could be heated by an a.c. current from water cooled 
iron electrodes, C. Because of the geometry, the narrow rod was heated 
moie strongly than were the conical pieces, and at a temperature of ap¬ 
proximately 1500 C zinc oxide vaporized from the rod and condensed on 

the cooler conical regions. Crystals approximately 10 x 7 x 3 millimeters 
were grown in 10 hours. 



ligure 3.31. Fritsch’s technique for growing zinc oxide from the vapor. 
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Figure 3.32. The growth of barium oxide crystals from the vapor using a barium 
oxide container as the vapor source. 

Sproull, Dash, Tyler and Moore 13 ' 5 used a barium oxide box as the source 
and container for the growth of barium oxide single crystals (Figure 3.32). 
They also used a single crystal seed of barium oxide or, alternatively, the 
isomorphous magnesium oxide. The seed crystal, A, was placed in the box 
of sintered barium oxide, B, which was surrounded by platinum and molyb¬ 
denum radiation shields, C. The ends of the radiation shields were closed 
by magnesium oxide plugs, D. A principal molybdenum resistance heater, 
E, heated the oven to approximately 1400°C and two auxiliary heaters, F, 
produced a temperature gradient of approximately 20°C from top to bot¬ 
tom of the box. Crystals approximately 10 x 10 x 1.5 mm were grown at a 
linear growth velocity of approximately 1 mm in 40 hours. 

In order to grow silicon carbide single crystals, Lely 134 used a silicon car¬ 
bide container. Granular silicon carbide was placed in a graphite crucible 
and a cylindrical mandrel was pressed into the granules to form a cylin¬ 
drical hole. A cover was formed from another piece of silicon carbide. To 
grow crystals, the silicon carbide-lined graphite crucible was heated in a 
graphite oven 6 to 8 hours at 2500 to 2600°C under an atmosphere of 
hydrogen, argon, or carbon monoxide. The furnace was designed so that 
temperature gradients are produced in the crucible and the crystals grow 
along these gradients. Crystals 10 mm in diameter and 2 to 3 mm thick 
were grown. The crystals could be doped n-type by adding nitrogen or 
phosphorus to the protective atmosphere or p-type by adding boron or 
aluminum. It is possible to use compounds such as Na 3 P0 4 , A1 2 0 3 and 
B 2 0 3 as sources of impurities since these compounds are sufficiently volatile 
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at the high temperatures employed, p-n junctions can also be formed by 
adding first A1C1 3 and then nitrogen to the protective atmosphere during 
growth. 

Reynolds and Czyzak 135 grew zinc sulfide single crystals from purified 
zinc sulfide powder which was sealed in a fused silica tube with hydrogen 
sulfide at a pressure of 6 psi. The tube was heated at 1150°C for 2 to 4 
days with a slight but unmeasured temperature gradient along its length. 
Zinc sulfide crystals in the wurzite modification approximately 2 x 2 x 10 
mm were grown. Cadmium sulfide crystals of comparable size have also 
been grown by the same technique. 136 

Piper 137 grew zinc sulfide crystals by subliming the powder in a silica tube 
in vacuum. The powder was heated at 1170 to 1200°C and the crystals 
were deposited at a temperature of 1070 to 1120°C. Crystals 5x3x3 mm 
were grown at a mass growth rate of approximately 5 mg per day. Zinc 
sulfide crystal whiskers showing great mechanical strength were also pre¬ 
pared by sublimation of zinc sulfide powder in hydrogen. 

In addition to the closed systems described above, continuous flow sys¬ 
tems have also been used with success. Herforth and Krumbiegel 138 heated 
cadmium sulfide powder in a silica tube at 1050°C in a stream of flowing 
hydrogen. Single cadmium sulfide crystals were condensed from the vapor 
phase in cooler regions of the tube. Kremhellen 131 used the flow system 
shown in Figure 3.33a to prepare zinc sulfide crystals. The zinc sulfide 
powder was placed in a boat A and heated by furnace winding B. A stream 
of helium carried the vapor into contact with a cold finger C. The cold 


He 





Figure 3.33 

(a) Apparatus providing a controlled thermal gradient for the growth of 

zinc sulfide crystals from the vapor. 

(b) Apparatus for the growth of PbSe from the vapor providing stoichi¬ 

ometry control. 
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rmger provided control of the temperature gradient in which the crystals 
were grown A desired impurity could be placed in boat I) and heated by 
furnace winding E. The vapor of the impurity could thus be mixed with 
t e zmc sulfide vapor and doped crystals could be grown. It was observed 
that a small temperature gradient (10°C per mm) favored the growth of 
rod-shaped crystals while a larger gradient (40°C per mm) favored plate- 
hte crystals It was also observed that the addition of traces of copper 

avored the formation of rod shaped zinc sulfide crystals illustrating the 
sensitivity of crystal habit to certain impurities. 

To grow single crystals of lead sulfide, Pizzarello^ used a sealed silica 
tube and a two-zone furnace similar to that illustrated in Figure 3 6 
Elemental lead and sulfur were placed in a tapered, evacuated tube and 
seated to 800 C to form the compound. The tube was then placed in 
the lower section of the furnace at 1100°C and slowly raised, taper end 

7?’ lnt0 the u PP er cooler furnace. Growth started when the tapered end 
of th e tube reached a temperature of about 950°C and the tapered end 
favored the formation of a single nucleus. Mass growth rates of approxi- 
mately 10 grams per second were obtained. This growth rate could be 
explained by assuming that the diffusion of the vapor was the rate lim¬ 
iting step and that the diffusion constant was approximately UP 1 cm 2 /sec 

Crystals of PbSe have been grown from the vapor phase under conditions 
which permitted accurate control of the stoichiometry.™ Purified PbSe was 
placed in one region of a vessel (Figure 3.33b) and heated to 776°C The 
crystaJs were grown at 775° ± 0.1°C. Selenium was placed in a side arm 
and heated to 240 ± 0.02°C to control the selenium vapor pressure and 
thus the stoichiometry of the growing crystal. A leaky “flap valve” was 
interposed between the PbSe source and the growing crystal. The valve 
w as closed at the beginning of a run and a temperature difference of 30°C 
was established between the source and the growing region of the vessel 
A> soon as nucleation occurs and a seed crystal forms, the vapor pressure 
on the crystal side of the valve drops because of the slow transport of vapor 
through the “closed” vnlve. This prevents additional nucleation. The 
temperature difference is then decreased to 1 °C and the valve is opened so 
hat growth can continue. The crystals produced in this manner have a 
net carrier concentration of approximately 2 X lO'Vcm 3 , a factor of fifty- 

fold lower than typical crystals grown from the melt. This technique is an 
excellent example of crystal growth from the vapor under conditions very 
near equilibrium. Such conditions should yield more nearly perfect crystals 
Mngle crystal films of germanium 10 to 20 microns thick have also been 
grown by evaporation of elemental germanium onto single crystal seeds.™ 

1116 SGGfiS WPrP + 4-^ onnon mi m 




138 


SEMI COND UCTORS 


tivit-y (~0.02 ohm-cm) p-type even when n-type germanium was evapo¬ 
rated. The acceptors were attributed to lattice imperfections in the evapo¬ 
rated films which did not anneal out after many hours at 500°C. 

Growth from a Vapor Phase by Chemical Reaction 

h low systems are almost invariably used if crystal growth is preceded 
by a vapor phase chemical reaction. This is especially necessary if the re¬ 
action products interfere with crystal growth and must be removed. 
I urthermore, since at least one of the reactants is often a gas such as hy- 

diogen sulfide or oxygen, a flow system is required because of the large 
volume of the gaseous reactant that is necessary. 

Cadmium sulfide crystals were grown by Frerichs by reacting cadmium 
vapor with hydrogen sulfide. 141 In the apparatus shown in Figure 3.34a, a 
stream of hydrogen was passed over a boat, A, containing cadmium metal 
and heated to 800 to 1000°C. A stream of hydrogen sulfide was introduced 
into the furnace in the vicinity of the boat and mixed with the cadmium 
vapor. Crystals of cadmium sulfide as large as 20 x 3 x 0.2 mm deposited 
in the cooler regions of the silica tube. The crystals were usually twinned. 
Cadmium selenide and cadmium telluride crystals were also prepared us¬ 
ing selenium and tellurium vapor, respectively. 

Bishop and Liebson 142 also prepared cadmium sulfide crystals by this 
technique but used a somewhat different reaction vessel and achieved a 
somewhat more efficient conversion of the cadmium by replacing the hydro¬ 
gen with argon. Their growing chamber is shown in Figure 3.34b. The 
cadmium was placed in boat B and heated at 650°C. Sulfur was placed in 



Figure 3.34. Apparatus for the growth of crystals by a vapor phase reaction. (a> 
After Frerichs, 141 (b) after Bishop and Liebson. 142 
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Figure 3.35. Scharowsky’s apparatus for the growth of zinc oxide crystals by a 
vapor phase reaction. 143 

boat C. Tube D served as the exhaust and the reaction chamber E was 
heated to 1000°C. The sulfur could be replaced by a stream of hydrogen 
sulfide entering through the same arm. Crystals several square centimeters 
in area and up to 1 mm thick were grown in this vessel. 

Scharowsky 149 prepared zinc oxide crystals by reacting zinc vapor with 
air in the apparatus shown in Figure 3.35. Zinc metal was placed in boat A 
and heated to ()00°C. A stream of nitrogen containing about 1 per cent 
hydrogen was passed over the boat and carried the zinc vapor into the 
furnace chamber, B. The furnace was heated to 1150°C and contained air. 
Crystals several centimeters long and up to 0.2 mm in cross section formed 
on the edge of the funnel shaped entrance tube. 

Dunlap, Marinace and Ruth 144 prepared single-crystal germanium by 
the pyrolytic decomposition of germanium diiodide on single-crystal 
germanium seeds at 350°C. This system is of particular interest since it is 
possible to compare the germanium grown by this vapor phase process with 
germanium single-crystals grown from the pure liquid phase. The single¬ 
crystal layers formed by the vapor phase deposition were a few thousandths 
of an inch thick. As grown, the layers were 1-2 ohm cm n-type and con¬ 
tained a donor with an ionization energy of 0.2 ev. Upon annealing for one 
hour at 500°C, the layers became p-type. It was proposed that the original 
donor centers were either iodine atoms or interstitial germanium atoms. 
Although the thin layers were not as perfect as germanium crystals grown 
by other techniques, these electrical results indicated a very high degree of 
crystal perfection in the vapor deposited layers. 

Small crystals of silicon carbide have been prepared by reacting silicon 
tetrachloride with toluene on a hot graphite filament. 145 The mixture of 
reactants diluted with hydrogen was passed over the filament which was 
heated electrically to 2000 to 2400°C. Specific impurities were introduced 
by adding vapors of volatile impurity halides to the reacting mixture. 

An unusual crystal habit has occasionally been observed during growth 
from the vapor. If a piece of silicon is sealed in a silica tube with various 
gases including BC1 3 and oxygen and if the tube is then heated in a tern- 
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perature gradient with the silicon at the hotter end, whisker-like crystals 
may form at the cooler end. The whiskers are about 20 microns in diameter 
and may be several millimeters long. Germanium whiskers have also been 
grown. 146 The mechanism of growth is not clear but probably involves a 
volatile compound such as a halide or oxide since the vapor pressures of the 
elements at the temperature used are much too low to provide sufficient 
material transport. The plastic properties of the silicon whiskers 146 show 
that they do not possess the unusual perfection that has occasionally been 
observed in metal whiskers of similar growth habit. 147 

The mechanisms of whisker growth are not completely understood. The 
unusual strength of some metal whiskers has been explained by the assump¬ 
tion that they are perfect or contain only a few dislocations. A single screw 
dislocation along the whisker axis would permit growth in the whisker 
habit but by itself might not appreciably weaken the crystal. The manner 
in which mercury whiskers grow from the vapor phase has been explained 
by a single axial screw dislocation which acts as a persistent surface nuclea- 
tion site at the top of the growing whisker. 148 The tin whiskers which grow 
spontaneously from electroplated tin, on the other hand, appear to grow 
from the base of the whisker. 149 In this case, the whiskers apparently grow 
to relieve stress in the tin plate. It is not clear why this intriguing method 
of stress relaxation takes place in some cases while more conventional 
processes of recrystallization occur in others. 

This chapter has cataloged the methods of crystal growth that have been 
used to grow single crystals of semiconductors. By necessity, techniques 
have been emphasized. The actual mechanisms by which crystals grow 
from pure melts, solutions, vapors or by recrystallization are beclouded by 
controversy and often completely unilluminated because of lack of anv 

_ V 

acceptable model. This is principally caused by the difficulty of performing 
definitive experiments on crystal growth. Because this is a structure sensi¬ 
tive process, the experiment must be capable of demonstrating the effects 
of rearranging a few atoms on the mode of growth of macroscopic crystals. 
Recently powerful tools have been discovered which permit the observation 
of individual defects in crystals. Some of these techniques are described in 
Chapter 12. As these methods are applied to studies of crystal growth 
mechanisms, a clearer understanding of the kinetic processes of crystal 
growth will emerge. This understanding becomes increasingly important 
as the demand for more nearly perfect crystals of an expanding variety of 
solids continues to grow. 
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CHAPTER 4 


CONTROL OF COMPOSITION IN SEMICONDUCTORS 

BY FREEZING METHODS 

C. D. Thurmond 

INTRODUCTION 

The purification of solids has long been an important branch of the chemi¬ 
cal arts. In the earliest times, when these arts were called “alchemy,” its 
disciples continuously searched for the Philosophers’ Stone, that universal 
nostrum which had among other properties the ability to purify the im¬ 
pure. 1 As the art developed into a science and underlying principles be¬ 
came clearer, the chemist became increasingly ingenious in the application 
of these principles. In addition to purifying solids to previously unattained 
levels, the modern chemist and metallurgist are now required to produce 
solids in which the impurity concentration is carefully controlled. Impurity 
control may require uniform impurity concentrations within a crystal at 
levels ranging over many decades down to parts per billion. It may require 
that the concentrations of two impurities be varied independently from 
one region of a crystal to another, or it may require that the concentrations 
of several impurities be varied in such a way that rigid restrictions upon 
the geometry of the impurity distributions be satisfied. 

The great sensitivity of the electrical properties of semiconductors to 
certain types of impurities has resulted in the development of new purifica¬ 
tion methods. The most powerful of these methods makes use of the freez¬ 
ing process, the crystallization of a solid from a liquid. In order to use to 
advantage the unique electrical properties of p-n junctions, it has been 
necessary to develop a wide variety of impurity control methods. Many of 
these methods also make use of the freezing process. The purpose of this 
chapter is to describe the freezing process and its applications to composi¬ 
tion control in semiconductors. 

The composition of a solid phase grown from a liquid phase is influenced 
by a variety of factors, which can be classified into three groups: (1) ther¬ 
modynamic factors, (2) kinetic factors, and (3) method factors. The ther¬ 
modynamic factors are those factors which can be described in terms of 
the thermodynamic properties of the phases and the conditions of phase 
equilibrium. Kinetic factors such as liquid and solid phase diffusion proc¬ 
esses will also influence solid phase composition. Furthermore, the kinetics 
of the phase boundary reaction which occurs at the liquid-solid interface 
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may influence composition. The term “method factors’’ refers to the in¬ 
fluence exerted on solid phase composition by the conditions under which 
freezing occurs excluding, however, those conditions which influence the 
kinetics of the freezing process. For example, the composition of a solid 
phase grown from a melt will be strongly influenced by the continuous ad¬ 
dition to the melt or evaporation from the melt of one of the components 
during solidification. 

LIQUID AND SOLID PHASES AT EQUILIBRIUM 

1 he most important aspect ol a liquid and solid phase at equilibrium, as 
lar as composition control is concerned, is the unequal distribution of com¬ 
ponents between the phases, which is a natural consequence of the thermo¬ 
dynamic properties of the two phases at equilibrium. The distribution of a 
component between phases is usually described by the ratio of the concen¬ 
trations of that component in each phase. By convention, the ratio of the 
concentration in the solid phase to the concentration in the liquid phase is 
used and is called the equilibrium distribution coefficient 





A mole traction distribution coefficient may also be defined for each com¬ 
ponent,* 





In order to illustrate some of the characteristics of the distribution co¬ 
efficient, as well as some of the other properties of phases at equilibrium 
and methods of representation, the behavior of several simple solid-liquid 
binary systems will be considered. This will be followed by a more general 
discussion of the equilibrium distribution coefficient. 


Ideal Binary Liquid and Solid Solutions 

When components A and B are mixed to form an ideal liquid or solid 
solution, the changes in thermodynamic properties which occur upon mix¬ 
ing are the same as those which occur when two ideal gases are mixed. This 
means that no heat is evolved or absorbed and the change in entropy arises 
from random mixing of particles without a change occurring in the total 
volume. As a consequence of such thermodynamic properties, it can be 
shown that when an ideal liquid solution and ideal solid solution are at 
equilibrium, there is a simple relationship between the mole fraction of a 


* The term mole fraction is used for both atom fraction and molecule fraction. 
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component in each phase, the absolute temperature, and the heat of fu- 

• F 2 

sion, AHj , of the component, 



In these equations, T A and T B are the respective melting points of A and 
B , and R is the gas constant. An additional assumption has been made 
which, in general, is a good first approximation. The heat capacity of pure 
supercooled liquid A has been assumed to be the same as pure solid A at 
T , which means that AH A h is independent of temperature. A similar as¬ 
sumption has been made for B. 

From Eq. (4.3) and (4.4), it can be seen that the logarithms of the dis¬ 
tribution coefficients are linear functions of the reciprocal of the absolute 
temperature as shown in Figure 4.1. It has been assumed that the melting 
point of A is greater than that of B , and that the heat of fusion of A is 
greater than that of B. As T approaches T A , the distribution coefficient of 
A approaches unity while that of B approaches a number less than unity; 
as T approaches T B , the distribution coefficient of B approaches unity 
while that of A approaches a number greater than unity. 

Since the sum of the mole fractions of A and B in each phase is unity, 
Eq. (4.3) and (4.4) may be used to obtain any of the mole fractions as 
functions of temperature. This leads to the usual representation of phases 
at equilibrium. The phase diagram of A and B , which shows the way in 
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f 

(schematic) 2 ^ eqU ' librium phaSe dia S ram of an id eal binary liquid and solid 

which the mole fractions would vary with temperature under the assumed 
conditions, is shown in Figure 4.2. The upper curve, which gives the com¬ 
positions of the liquid phase which are in equilibrium with the various ap¬ 
propriate solid phase compositions, is called the “liquidus curve;” the lower 
curve is called the “solidus curve.” At any temperature the composition 
of each phase, and thereby the distribution coefficient, can be obtained 
from the phase diagram. The qualitative behavior of the distribution co¬ 
efficients plotted in Figure 4.1 can be seen to be in accord with the liquidus 
and solidus curves of Figure 4.2. 


Ideal Dilute Solid Solutions and Ideal Liquid Solutions 

In an ideal solid solution the heat of mixing per added mole of B is zero- 
in an ideal dilute solid solution the heat of mixing, at a particular tempera¬ 
ture per mole of added B (the dilute component of the solid solution) 
is independent of composition. If it is assumed that this constant, the par- 
tial molar heat of mixing of B, AH /, is independent of temperature, and 
that the difference between the partial molar entropy of B in the solid solu- 
tion and the molar entropy of pure solid B is the ideal entropy of mixing 

R In x B , then the requirement that this dilute solid solution be in equi¬ 
librium with an ideal liquid solution leads to a distribution coefficient which 
behaves in a simple way. 3 


In 


Kb 


o 


A H/ 


~T S 


A H b 


AH 


B 


RT 


RT 


(4.5) 


Since the solid solutions are dilute, the thermodynamic properties of A 
m the soli d solution are essentially those of pure solid A. Then, since the 


CONTROL OF COMPOSITION BY FREEZING METHODS 


149 


mole fraction of A in the solid solution is essentially unity and the liquid 
'dutions are ideal, the distribution coefficient of component A and the 
composition of the saturated liquid solutions are given by the relationships 



It can be seen that the liquidus curve is independent of the amount of the 
impurity B in the solid solution. In order to have dilute solid solutions, the 
value of the distribution coefficient of B at the melting point of A must be 
small, say less than about 0.01. This means that A H B S , the partial molar 
heat of mixing of B , is a positive number. Furthermore, the smaller the 
value of k b ° at the melting point of A, the larger is A/7/. 

Figure 4.3 is a schematic plot which shows the distribution coefficients 
of .4 and B as functions of temperature. Other lines are also shown which 
correspond to the impurities C and D which have values of the distribution 
coefficient at the melting point of A differing from that of B. The value of 
the ratio A H B F /T B in Eq. (4.5), which is the entropy of fusion of B , has 
been assumed to be the same for B as for C and D ; consequently, the lines 
for B , C and D in Figure 4.3 extrapolate to a common intercept at 1 /T = 0. 

The liquidus curve corresponding to Eq. (4.6) is shown schematically 
in Figure 4.4. The compositions of the solid solutions are too small to be 
represented on the same plot. Figure 4.5 is a schematic plot of one of the 
solidus curves of Figure 4.3 on an expanded scale. The solid solubility of 
B in A increases as the temperature is raised until a maximum solubility is 
achieved. At higher temperatures the solubility decreases until it reaches 
zero at the melting point of A. This phenomenon is called retrograde solid 



Figure 4.3. The distribution coefficients of various impurities in an ideal dilute 
solid solution as functions of temperature. The distribution coefficient of the major 
component, A, is also shown. 
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A MOLE FRACTION, Xq B 


Figure 4.4. The phase diagram of a pure solid in equilibrium with an ideal binary 
liquid (schematic). 



Figure 4.5. A retrograde solidus curve. 


solubility , 2,4 and may occur with solid and liquid solutions which have quite 
simple thermodynamic properties as has been shown above. 

The complete phase diagram representing the liquid-solid equilibria 
between A and B with the assumed thermodynamic properties, would in¬ 
clude an additional liquidus curve and an additional solidus curve each 
extending down from the melting point of component B. This solidus curve 
would be defined by the partial molar heat of mixing, A II A s , characteriz¬ 
ing the dilute solid solutions of A in B. The lowest temperature at which a 
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Figure 4.6. A simple eutectic binary phase diagram with solid solubility. 

liquid phase could be maintained in equilibrium with a solid phase is called 
the eutectic temperature, at which point a liquid phase is actually in equi¬ 
librium with two solid phases. The complete phase diagram, showing both 
liquidus curves and solidus curves, is given in the diagram of Figure 4.6. 
The solubility of A in B and B in A at temperatures below the eutectic is 
also shown. Each component in this binary system has two distribution 
coefficients, one each along each liquidus-solidus pair. Two of these are 
redundant since a relationship exists between the two distribution coeffi¬ 
cients along each liquidus-solidus pair. The two distribution coefficients 
which would be used to describe this binary system would be called the dis¬ 
tribution coefficient of A in B (A dilute in the solid solution; left side of 
Figure 4.6) or the distribution coefficient of B in A (B dilute in the solid 
solution; right side of Figure 4.6). 

Distribution Coefficient and Liquidus and Solidus Curves Near the 
Melting Point 


Near the melting point of the major component, the temperature of the 
liquidus curve can be written as a simple function of the mole fraction of 
the minor component. In the region of the melting point, the thermody¬ 
namic properties of the major component of the liquid and solid solutions 
are those of an ideal solution and Eq. (4.3) applies. This equation can be 
put into a simple form by using the approximation of (—x B ) for the loga¬ 
rithm of (1 — x B ), the approximation T A for T , and by using the definition 
of the distribution coefficient of B in A, Eq. (4.2), 5 



(4.7) 
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MOLE FRACTION -► 

Figure 4.7. The equilibrium distribution coefficient of an impurity and the liquidus 
and solidus curves near the melting point of the major component. 

In this equation, AT is the difference between the melting point of A and 
the solution temperature, (T A - T), and k b * is the value of the equilibrium 
distribution coefficient of B in A at the melting point of A. The term 
RT A /AH A is called the freezing point lowering constant of A. If k b * is 
much less than unity, the liquidus curve will be independent of the distri¬ 
bution coefficient. I he general effect of k b * upon the liquidus and solidus 
curves is shown in Figure 4.7. 

A similar equation can be obtained for the liquidus curve of a ternary 
system near the melting point of the major component. If the distribution 
coefficients at the melting point of A of the two minor components C and 
D are k c * and k d *, respectively, and if the mole fractions are x c L and x D L , 
respectively, the liquidus can be obtained from the following equation, 

A7 1 = [(1 - k c *)xc L + (1 - k 0 *)x c £ ] • (4-8) 

A H a f 

Distribution Coefficient as a Function of Temperature and Com¬ 
position 

The conditions for equilibrium to exist between a liquid and a solid 
phase require that the partial molar heats and entropies of each component 
be related at each temperature by an equation of the form 

H L - H s = T(S l - S s ). (4.9) 

An equation may be written for the distribution coefficient of component 
B as a function of temperature in terms of the partial molar heats and en¬ 
tropies of component B, which are, in general, also functions of tempera- 
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ture and composition. By defining an excess partial molar entropy for B 
in each phase by an equation of the form 


it follows that 
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S + R In x, 


(4.10) 


In k b ° 


or, for simplicity, 


T L 


h b 


T S 


H b 


RT 


In 


Kb 


o 


AH 


B 


RT 


S L ' e 


H 


S s ' e 


B 


R 


1 


y e 


A S B 
R 


(4.11) 


(4.12) 


It is convenient to express AH R and AS/ in terms of partial molar heats 

ol mixing (also called relative partial molar heat contents), 6 since certain 

classes of solutions which exhibit simple thermodynamic properties can be 

readily described in terms of these quantities. The following relationships 
will be used 


ah b f = 

= Hb L - 

- H/, 

(4.13) 

A H b l = 

= Hb L - 

- h b \ 

(4.14) 
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(4.15) 

II 

k 

a; 

<1 

= Sb L - 

■ S/, 

(4.16) 

ASb 1 - 6 = 
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- Ss L , 

(4.17) 

A s/’ e = 

_ Q S,e 
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- Sb S , 

(4.18) 


AS B L ' e and AS s ’ e 


where AII B and AH / are the respective partial molar heats of mixing, 

\S n ,r are the respective partial molar excess entropies of 
mixing, AHu is the heat of fusion of B, and AS,/ is the entropy of fusion 

of B. By using the above relationships, the distribution coefficient may be 
written in the form 



F i at T L 
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(4.19) 


When the liquid and solid solutions are ideal, AH,/, A///, AS B L ' e and 
ASb ' are each zero and Eq. (4.4) is obtained. When the solid solutions 
are very dilute, AH/ and A S B s ' e will not be significant functions of com¬ 
position. If the dilute solid solutions are particularly simple (regular 2 ), 
ASb ,e Will be zero, and if, in addition, the liquid solutions are ideal, Eq.’ 
(4.5) will he ? obtained. In general, however, dilute solid solutions will have 
a term, A S B ‘ which is not zero but which will be essentially independent 
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of composition. Furthermore, both A ff B s and A S B s,e will be expected to 
be rather large numbers for impurities which have solidus curves lying at 
very low compositions, i.e., impurities having small distribution coefficients. 
Under such conditions, A H / and A S B s,e will dominate in Eq. (4.19) and, 
even though the liquid solutions are not ideal, the temperature dependence 
and magnitude of k b will be determined by A H b s and A S B s,e . When these 
two quantities are independent of temperature, the logarithm of the dis¬ 
tribution coefficient will be a linear function of the reciprocal of the abso¬ 
lute temperature. 

Thurmond and Struthers 3 and Hall' have observed that the logarithm 
of the distribution coefficient of certain elements in silicon and germanium 
are linear functions of the reciprocal of the absolute temperature. Hall 7 
has suggested that this is a general relationship, but from the foregoing 
discussion it is concluded that this will be expected only when the distri¬ 
bution coefficient is small and when A H B and A S B s,e are independent of 
temperature. The logarithm of k b will be linear in \/T in the more special 
cases of ideal liquid solutions combined with ideal solid solutions, or ideal 
dilute solid solutions, but the binary liquid solutions in the germanium 
and silicon systems studied are, in general, undoubtedly nonideal. In 
some systems where the distribution coefficient is not very small, it has 
been found that In k b ° is not a linear function of 1/7 7 . 8 Trumbore 9 has shown 
that in the Ge-Sn and Si-Sn systems this nonlinearity may be accounted 
for in terms of the expected departures from ideality which occur in the 
liquid solutions. Under certain conditions, namely for systems which have 
distribution coefficients which are not very small and which have non-ideal 
liquid solutions, the slope of the plot of In k b vs. 1/T can be quite sensitive 
to the thermodynamic properties of the liquid solutions. 10 

The presence of donors and acceptors in solid solution can be expected 
to have a definite effect on the distribution coefficient if certain conditions 
are met. The conditions under which such effects may be expected, and 
the influence they will have on the distribution coefficient, can be de¬ 
scribed by a simple equation which will now be derived. 

Reiss 11 has shown that the ionization of a donor or an acceptor in a semi¬ 
conductor solid solution will lead to thermodynamic effects which can be 
accounted for by an activity coefficient which can be expressed very simply 
in terms of composition as follows, 



x B s + [(ff/)‘ 2 + 4a:/] 1/2 

2 Xi 


(4.20) 


This expression is obtained on the assumption that the donors or acceptors 
are completely ionized and that the solid solutions are nondegenerate. 
Eq. (4.20) has been converted to atom fraction units from the expression 
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derived by Reiss in terms of concentration units. The symbol Xi refers to 
the atom fraction of holes or electrons in the intrinsic semiconductor; or, 
in other words, Xi is the square root of the product of the atom fractions of 
holes and electrons. 

In order to see how Eq. (4.20) is related to the distribution coefficient, 
it is noted that the conditions for equilibrium lead to the expression 


s s 
Xb 7 B 

Xb L Yb L 


(4.21) 


where the 7 ’s are activity coefficients and K is not a function of composi¬ 
tion. From the definition of the distribution coefficient it follows that 
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The activity coefficient 7 / can be related to the activity coefficient / of 
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Eq. (4.20) by the equation 
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(4.23) 


where ( 7 B s )' accounts for all departures from ideal dilute solution behavior 
other than those departures arising from donor or acceptor ionization. 
Eq. (4.23) permits Eq. (4.22) to be written as 
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(4.24) 


The value of the distribution coefficient when / is unity can be written as 
(kb°Y, which with the aid of Eq. (4.20), permits the distribution coeffi¬ 
cient kb° to be written as 


Kb 
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2Xr 


(■ Kb°Y Xb S + [(Xb S Y + 4X; 2 ] 1 ' 2 • 


(4.25) 


From Eq. (4.25) it may be seen that as long as x B s is greater than Xi , 
at any temperature T, the distribution coefficient k b ° will be smaller than 
it would have been if no donor or acceptor ionization has occurred. The 
condition x B s > x* is met by several binary systems, particularly the Ge-Al 
and Ge-Ga systems . 8 The rapid drop in distribution coefficient with de¬ 
creasing temperature found in these systems is in qualitative accord with 
Eq. (4.25), but no quantitative verification of this effect has yet been made. 

Distribution Coefficient Correlations 

Burton and co-workers 12 have found that a rough correlation exists be¬ 
tween the distribution coefficients of various impurities in germanium and 

* The activity coefficient y B s is related to the heats and entropies previously de¬ 
fined by the equation RT In ys s = A Hb s — TaSb s ’ e - 
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HEAT OF SUBLIMATION IN KCAL (298°K) 

Figure 4.8. The distribution coefficient of most of the Group III, IV, and V ele¬ 
ments in germanium at its melting point. (After Trumbore. 13 ) 

silicon at the melting points of germanium and silicon, respectively, and 
the tetrahedral radii of the impurities. As is expected, the larger is the tetra¬ 
hedral radius the smaller is the distribution coefficient. 

# 13 • 

A rather striking correlation has been found by Trumbore ' (Figure 4.8 
between the melting point distribution coefficients of impurities in german¬ 
ium and the heats of sublimation to the atoms of the various impurity ele¬ 
ments of Groups III, IV and V of the periodic system of the elements. An 
explanation of this correlation is not obvious, but it does imply that there 
is a strong correlation between the binding energy of an atom in its ele¬ 
mental form and in the germanium solid solutions. It probably also im¬ 
plies that rather simple relationships exist between the thermodynamic 
parameters of the impurities in the solid and liquid solutions. 

• y • • • 

As has been mentioned, Hall' has found that a linear relationship be¬ 
tween In k b ° and 1/T holds for a number of impurities in germanium and 
silicon. Hall has also observed that these straight lines when extrapolated 
to temperatures above the melting point of germanium or silicon, respec¬ 
tively, pass through common points in each system (the common point 
for the germanium solutions is not the same as for the silicon solutions). 
This correlation seems to hold in those systems for which the impurity dis¬ 
tribution coefficient is small. When the distribution coefficient is greater 
than approximately 10 -3 to 10 -2 , the logarithm of k b ° is apparently no 
longer linear in 1/T. 8 Hall concluded that the linear dependence, with lines 
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passing through a common point, was evidence that the heat of solution was 
a linear function of temperature/ This conclusion is not acceptable, however; 
the interpretation of the slope of In k b ° vs. 1/T as a heat must include the 
assumption that the heats and excess entropies contributing to the distri¬ 
bution coefficient are not functions of composition. If this is true, 
a thermodynamic relationship exists between AH and AS e , namely, 
dAH/dT = TdAS e /dT, which requires that if AH is linear in T, AS e 
must also be a function of T, and therefore, In k b ° will not be a linear func¬ 
tion of 1/T. This conclusion violates the initial premise. On the basis of 
the assumption that the slopes of the linear In k b ° vs. l/T plots are heats of 
solution, the fact that these lines pass through a common point is evidence 
that a linear relationship exists between AH B and AS B % as can be seen by 
rearranging Eq. (4.12) and using the common point [In (k b °) p , T p \. 

AH b = T P AS/ + RT P In (k b °) p (4.26) 

LIQUID AND SOLID PHASES NOT AT EQUILIBRIUM: FREEZING 

In the preceding sections some of the properties of liquids and solids at 
equilibrium have been described. This provides a basis for a discussion of 
the freezing process itself. 

Freezing of a One-Component Liquid 

A pure liquid, A, will be in equilibrium with the pure solid, A, at only 
one temperature (the effect of pressure on the melting point being ignored). 
At this temperature, the melting point, atoms of A leave the liquid and 
become a part of the solid phase at a characteristic rate, k A f . At the same 
time, atoms leave the solid and return to the liquid at a characteristic 
rate, k A r , which is equal to the forward rate, kj. These two rates describe 
the kinetics of an exchange reaction between the liquid and solid phase 
across the phase boundary. This exchange reaction, or interface reaction 
as it may be called, is a heterogeneous chemical reaction and is the funda¬ 
mental process responsible for the transfer of an atom from a liquid phase 
to a solid phase. 

The detailed mechanism of the exchange process may be relatively sim¬ 
ple, as has been discussed by Chalmers 14 and by Jackson and Chalmers, 15 
or may be more complex, but in either case, the process may be described 
in terms of rate constants which are equal, in a one-component system, 
at the melting point. The term “rate constant’' describes the kinetic pa¬ 
rameters at a particular temperature. These “constants” will be functions 
of temperature. As in any heterogeneous reaction, it is to be expected that 
the transfer of an atom from the liquid phase to the solid phase requires 
that an energy barrier be surmounted. The height of this barrier in the 
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Figure 4.9. The change in energy of an atom with distance across a liquid-solid 
interface. 


forward direction, the freezing direction, will be lower than the height in 
the reverse direction by an amount which is the heat of fusion of A (Figure 

4.9); consequently, the rate constants may be written as functions of tem¬ 
perature in the following form 

kj = a A f e~ (AHA,lRT) , (4.27) 

W = a / e - w/fir) . (4.28) 

figure 4.10 is a schematic plot of the temperature dependence of k/ and 

A*.4 • Below the melting point of A, k A f will be larger than k/; above 

the melting point k A f will be smaller than k A r ; at the melting point they 
are equal. 



TEMPERATURE —► 

Figuie 4.10. 1 he exchange rate constants as a function of temperature at a liquid- 
solid interface. 
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From Figure 4.10 it can be seen that, in order to have a solid phase grow 
from a liquid phase, the forward rate must be greater than the reverse 
rate, and this can only happen at temperatures below the melting point of 
.4. The variation of temperature of the liquid-solid interface with growth 
rate of the solid, that is, with the freezing rate, can be described more pre¬ 
cisely as follows. The freezing rate, rj , in moles cm -1 sec -1 , is related to k A f 
and k A r by the equation 

V = k/ — k A r (4.29) 


or rearranging, 
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(4.30) 


The ratio of rate constants can be written in terms of the heat of fusion of A 
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(4.31) 


Since this ratio is unity at the melting point of A , and a//a A r may be as¬ 
sumed to be independent of temperature, Eq. (4.31) may be rewritten, 



The exponential may be expanded in the region of the melting point, and a 
simple relationship obtained between the freezing rate and the tempera¬ 
ture, 

k? = W AT ' (4 ' 33) 


A r T is, again, T A — T. Since A H A F /RT A is approximately 10 -3 for many 
elements and many compounds, it follows that if the growth rate of a solid 
is about 0.1 per cent of the rate constant k/ (or k A f , which is approximately 
equal to k A r ), the temperature of the interface will be lowered by about a 
degree. Chalmers 14 has estimated that k A f will be around 3000 cm/sec in a 
typical case. Thus, growth rates of 3 cm/sec would be required to lower 
the melting point one degree. 

The foregoing discussion presents certain fundamental properties of the 
freezing reaction. This has been done in terms of the interface exchange 
reaction and its kinetic parameters, the forward and reverse rate constants 
k a and k/. When a small amount of a second component B is added to 
liquid A and the melt solidified, B will be incorporated into the solid. 
The reaction responsible for the transfer of B from the liquid to the solid 
phase is an analogous process to that for A , and has certain interesting 
features which will now be considered. 
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Freezing of a Two-Component Liquid 

If the mole fraction of the impurity B in the liquid phase at the liquid- 
solid interface is x B L , the rate at which B leaves the liquid and becomes 
part of the solid phase will be kjX b • Similarly, if x b is the mole fraction 
of B in the solid solution at the liquid solid interface, the rate at which B 
leaves the solid and becomes part of the liquid phase will be k B r x B s - At 
equilibrium these must be equal and 

k B f x B L = k bXb • (4.34) 


The equilibrium distribution coefficient may now be seen to be related to 
the ratio of rate constants by the equation 



When freezing takes place, the rate at which B leaves the liquid phase 
exceeds the rate at which it leaves the solid phase. Since the net rate at 
which B becomes a part of the solid phase will be x B *v , it follows that this 

will be given by 

(4.36) 
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An interface distribution coefficient, k b \ may be defined, 
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(4.37) 


By using Eq. (4.35) for the ratio of rate constants, the following equation 
is obtained for the interface distribution coefficient as a function of growth 



According to this equation, the distribution coefficient of the impurity B 
in A will be less than the equilibrium distribution coefficient, k b °, defined 
for the temperature of the liquid-solid interface, if the growth rate i 1 be¬ 
comes comparable to or greater than the exchange rate, k B r . 

Eq. (4.38) has been derived in order to emphasize the properties of the 
fundamental process at a liquid-solid interface which is responsible for the 
incorporation of an impurity into a crystal during the solidification of a 
melt. That the interface distribution coefficient should decrease with in¬ 
creasing growth rate may be somewhat surprising at first sight, but it is a 
necessary consequence of the interface exchange reaction. The pioper inter¬ 
pretation of Eq. (4.38) must take into account the fact that k b is also a 
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function of the growth rate, (since k b is a function of temperature and the 
temperature of the liquid-solid interface is a function of growth rate), 
but as long as the reverse rate constant of the minor component of the solid 
solution, k B r , is small compared to the rate constant k A r of the major com¬ 
ponent, the temperature of the liquid-solid interface will not be signifi¬ 
cantly depressed and k b ° will be essentially constant. 

The variation in the interface distribution coefficient predicted by Eq. 
(4.38) is quite analogous to the interface concentration variation of com¬ 
ponent A when A is grown from a solution, as has been described by 

• 16 • 

Arenstein. It is also completely analogous to the interface concentration 
variations as a function of evaporation rates discussed by Smits and 
Miller. 17 ’ 18 

Eq. (4.38) has not been verified experimentally as yet. Hall 19 has re¬ 
ported that the distribution coefficient of antimony in germanium is a 
function of crystal orientation when the growth rates are large enough. 
The explanation offered by Hall for this effect was principally phenomeno¬ 
logical and does not lead to a satisfactory mechanism for the process. From 
the point of view of the mechanism described in this section, Hall’s obser¬ 
vations can be taken as evidence that the germanium growth rates were of 
the same order of magnitude as the value of k 8h r in germanium and that the 
values of k 8h r are functions of crystal orientation. This effect is superim¬ 
posed upon the liquid phase transport effects which are discussed on p. 163. 

The fundamental process by which the impurity at a liquid-solid inter¬ 
face leaves the liquid phase and enters the solid phase has been described 
as a heterogeneous reaction with a forward and reverse rate constant. 
This reaction will hereafter be called the “freezing-in reaction,” or simply, 
“freezing-in.” Freezing-in may be modified in several ways by transport 
processes within the liquid or solid solutions and these modifications will 
influence the concentration of impurity incorporated into the crystal. 
These modifications of the freezing-in reaction are discussed in the next 
section. 

THE INFLUENCE OF LIQUID AND SOLID PHASE TRANSPORT 

PROCESSES ON COMPOSITION 

Equilibrium Freezing-in 

A melt may be solidified, in principle, under such conditions that at all 
temperatures the compositions of the liquid phase and the solid phase are 
given by the equilibrium phase diagram. This could take place only if the 
solidification rate were slow enough compared to the rates of diffusion of 
the components in the two phases to insure negligible concentration gradi¬ 
ents in each phase. The incorporation of the minor component into the solid 
phase under these conditions may be called “equilibrium freezing-in.” 


_ 
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Usually this process is not even approximated experimentally, hut it will 
serve as a starting point in the description of two other idealized freezing-in 
modifications which approximate reality somewhat more closely. 


Simple Freezing-in 


Solid phase diffusion is generally much slower than liquid phase diffusion. 
Under certain conditions the composition of the liquid phase may be kept 
essentially uniform at all times during the growth of a solid phase from the 
liquid phase, while, at the same time, negligible solid phase diffusion has 
occurred. This condition in the liquid phase will be frequently well approxi¬ 
mated if the rate of solidification is slow and the liquid phase is stirred. At 
the liquid-solid interface freezing-in occurs, and the ratio of the mole frac¬ 
tion or concentration of impurity at the liquid-solid interface in the solid 
phase to the mole fraction or concentration at the interface in the liquid 

phase (which is the same as in the bulk of the liquid), will be the interface 

• • 

distribution coefficient k 1 or k\ respectively. When the rate of growth of 
the solid phase is slow enough relative to the rate constant k r for the im¬ 
purity, the interface distribution coefficient will be the equilibrium dis¬ 
tribution coefficient k or k°. 


The incorporation of an impurity into a solid phase by this process will be 
called “simple freezing-in.” It was first described by Gulliver, 20 and has 


been used by many others 


21-31 


in discussing the distribution of component 


within a solid phase after the growth of the solid from a liquid phase. Sim¬ 
ple freezing-in is compared to equilibrium freezing-in in Figure 4.11, where 
the atom fraction of a minor component of the solid phase, which has a 
distribution coefficient less than unity, is plotted as a function of distance. 
The composition of the solid phase and the liquid phase must be uniform 
during equilibrium freezing-in; the composition of the solid phase may vary 

but the composition of the liquid phase must be uniform during simple 
freezing-in. 



Figure 4.11 

a) Equilibrium freezing-in. 

b) Simple freezing-in. 
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Figure 4.12. Diffusion controlled freezing-in for an impurity with an interface 
distribution coefficient less than unity. (After Burton and Slichter. m ) 

Diffusion Controlled Freezing-in 

1 he third modification of the freezing-in reaction takes into account 
transport processes within the liquid phase. Such processes were believed 
by Nernst 32 to control heterogeneous reactions in general. The influence 
of transport processes on heterogeneous reactions has been reviewed by 
Moelwyn-Hughes 33 and by Bircumshaw and Riddiford. 34 A model proposed 
by Burton, Prim and Slichter 0 for the freezing-in of an impurity from a 
melt dilute in impurity which takes into account liquid phase transport 
processes, will be used in the following discussion. This will be a specific 
model which will aid in the description of the general process which will 
be called “diffusion controlled freezing-in.” 

During the growth of a crystal from a melt, impurities will be either re¬ 
jected by the solid (k < 1) or accumulated by the solid (k > 1). Impurity 
concentration gradients will be set up in the liquid in the region of the ad¬ 
vancing liquid-solid interface which will control the concentration of the 
impurity at the interface. The assumption is made that the impurity dif¬ 
fuses through a thin liquid layer adjacent to the advancing liquid-solid 
interface; beyond this layer, the impurity is transported by fluid flow and 
the impurity concentration is essentially uniform. 

These conditions are illustrated in Figure 4.12, where the concentration 
of an impurity, B, is plotted as a function of the distance from the advanc¬ 
ing liquid-solid interface for an impurity with a distribution coefficient 
less than unity. The interface concentration distribution coefficient,* k‘, 
will be given by the interface concentrations, 


* The subscript B will be dropped. 
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When the freezing-in rate constants are large compared to the rate of solidi¬ 
fication, k' will become the equilibrium distribution coefficient, k°. An 
effective distribution coefficient, k e , may now be defined as the ratio of the 
concentration of impurity in the solid at the interface, C s , to the con¬ 
centration in the liquid beyond the diffusion layer, C L , 



(4.40) 


Burton, Prim and Slichter^ show that the one-dimensional solution of 
the equation of continuity satisfying these steady state boundary con¬ 
ditions leads to the following relationship between the effective distribution 
coefficient and the interface distribution coefficient 



k* 

k* + (1 - k i )e _(/5/D) * 


(4.41) 


In this equation, / is the rate of advance of the interface, i.e., the growth 
rate, <5 is the effective diffusion layer thickness, and D is the diffusion con¬ 
stant of the impurity in the dilute liquid. 

The most important features of diffusion controlled freezing-in can be 
described with the help of Eq. (4.41). In Figure 4.13, k' is plotted as a 
function of the growth parameter, fd/D, for various values of the interface 
distribution coefficient, k\ In general, as has been shown, k* is also a 
function of growth rate; however, when the forward and reverse rate 
constants of the freezing-in reaction are large enough compared to the 
rate of solidification, the interface distribution coefficient will be equal to 
the equilibrium distribution coefficient, k°. Under these conditions, Figure 
4.13 shows that the pile-up of impurity in front of the advancing inter¬ 
face, for k° < 1, causes the effective distribution coefficient to rise and 
approach unity at faster growth rates. 

Wagner' 36 has discussed the incorporation of impurities into a solid 
during solidification and reached essentially the same conclusions as 
Burton, Prim and Slichter. 35 Wagner also discussed the incorporation of 
an impurity into a growing solid from unstirred melts, as have Tiller and 
coworkers. 28 They conclude, in effect, that a steady state exists only when 
the effective distribution coefficient equals unity. The influence of fluid 
flow on the effective distribution coefficient has been investigated by 

nr ^0 ^ * 

Burton, Prim and Slichter" 5 and by Wagner.' The time dependent lm- 

36 40 # 35 36 

purity distributions for the cases of unstirred' - and stirred melts ’ 
have also been discussed. 

Three modifications of the freezing-in reaction have now been defined 
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GROWTH RATE IN CM/SEC FOR cf/D = 100 SEC/CM 



Figure 4.13. The effective distribution coefficient, k e , as a function of the growth 

rate parameter, f8/D, for various values of the interface distribution coefficient k\ 
(After Burton and Slichter 92 ) 

and two of these will prove useful in the descriptions of impurity control 
methods: simple freezing-in, and diffusion controlled freezing-in. The 
identification of different ways in which each of these freezing-in reactions 
may be brought about is of considerable practical importance. Pfann 26 
has pointed out that a melt may be solidified in two different ways; by 
normal freezing or by zone melting. Normal freezing is defined as the pro¬ 
gressive solidification of a melt from one end; zone melting occurs when a 
molten zone passes through a solid. Each of these freezing methods in¬ 
fluences the concentration of an impurity in the melt in a certain way, 

and thereby, the concentration of the impurity in the solid phase through 
the freezing-in reaction. 

THE INFLUENCE OF THE FREEZING METHOD ON SOLID 

PHASE COMPOSITION 

Normal Freezing 

When a solid is grown from a liquid phase by progressive solidification 
from one end and an impurity is incorporated into the growing solid by 
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the simple freezing-in reaction, the concentration of the impurity in the 
melt varies in a simple way with the fraction of the melt solidified. Since 
no diffusion occurs in the solid phase, the concentration of the impurity 
in the solid will not be uniform. Consider an impurity with a distribution 
coefficient less than unity which remains constant during solidification. 
If the original concentration of impurity in the melt is Co L , the first solid 
to freeze will have an impurity concentration k'C 0 L . The rejection of the 
impurity by the solid and the decrease in melt volume during freezing 
cause the impurity concentration in the melt to rise as solidification pro- 



The exact way in which an impurity will be distributed in a solid as a 
result of the above process is given by the following equation: 22,25,26 





(4.42. 


where g is the fraction of melt which has been solidified. In addition, the 
assumption that the densities of the two phases are equal has been made; 
consequently, there is no distinction between k and k\ Typical impurity 
distributions given by Eq. (4.42) are shown in Figure 4.14. The general 
phenomenon characterized by the variation in concentration of the com¬ 
ponents within a homogeneous solid phase has been called “coring,” 41 
“crystal segregation” 41 or “microsegregation” 31 .* The term “simple segre¬ 
gation” will be used to refer to the impurity distributions given by Eq. 
(4.42).f The term “maximum segregation” has been used for the impurity 
distributions given by Eq. (4.42) when k' is the equilibrium distribution 
coefficient. 22 


Zone Melting 

Zone melting produces impurity distributions in a solid which differ 
from those obtained during normal freezing and offers certain practical 
advantages in impurity control over normal freezing methods. Consider 
a rod of constant diameter containing an impurity at a uniform concentra- 

* The word “segregation” has several different metallurgical meanings: it is used to 
refer to the nonuniform distribution of components within a solid solution (as in the 
above paragraph); it is sometimes used to refer to the unequal distribution of com¬ 
ponents between phases; and it is also used to refer to the nonuniform macroscopic 
composition of an ingot which has resulted from the unequal distribution of phases 
within the ingot (earliest metallurgical usage). The context usually reveals the in¬ 
tended meaning. 

t Eq. (4.43) has been called the “normal freezing equation” 28 and the impurity 
distribution given by this equation sometimes referred to as “normal segregation.” 
Since Eq. (4.43) is not restricted to normal freezing methods and since normal freez¬ 
ing may occur under conditions where Eq. (4.43) does not apply, it is suggested that 
this equation be referred to as the “simple segregation equation.” Normal segrega¬ 
tion is a term which has been used for many years to refer to another phenomenon. 
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tion C 0 S through which a molten zone of length 2 is passed. If the impurity 
is incorporated into the crystal by simple freezing-in and the distribution 
coefficient is constant, the resulting impurity segregation in the rod will 
be given by an equation used by Pfann, 26 

= C„1l - (1 - kV k ‘ (,/,) ], (4.43) 

where l is the distance down the rod. It has also been assumed that the 
densities of the two phases are the same. The dependence of C s on l, in 
terms of the number of zone lengths, l/z, for various values of the dis¬ 
tribution coefficient, is shown in Figure 4.15. The impurity distributions 
given by Eq. (4.43) will be called “simple zone segregation.” 
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Conservative Freezing Methods 

Normal freezing and zone melting are examples of freezing methods 
which come from two general classes which can be defined. The minimum 
requirement for the growth of a solid phase from a liquid phase is that 
two phases, the liquid and freezing solid phase, be present. One class of 
freezing methods can be identified by the fact that the total amount of 
material in these two phases is conserved. That is, no material is added or 
removed from either phase except by the freezing reactions. The other 
class can be identified by the fact that material is not conserved in the 
two phases during solidification. The former will be called “conservative 
freezing methods” and the latter, “nonconservative freezing methods.” 

Conservative freezing methods are illustrated in Figure 4.16. Normal 
freezing, the progressive solidification of a melt from one end, may be 
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Figure 4.16. Conservative freezing methods 


achieved by passing a boat containing the melt through a thermal gradi¬ 
ent, as is illustrated in Figure 4.16(a). Figure 4.16(b) illustrates the solid¬ 
ification of a melt which loses heat from the container surface, thereby 
causing the solid phase to be nucleated at the container wall and to grow 
into the center of the melt from all sides. This freezing method produces 
a poly crystalline solid phase. 

When a liquid phase, relatively dilute in one component, is cooled to a 
temperature where it is supersaturated, nucleation may occur on the walls 
of the container or in the body of the liquid phase. Figure 4.16(c) illus¬ 
trates the growth of a number of crystals from a slowly-cooled liquid. These 
crystals will rise or fall in the melt depending upon the relative densities 
of the two phases. The crystals may or may not have been nucleated at 
the same time. A single crystal may be grown from dilute melts by cooling 
slowly until the liquid is supersaturated, and then adding a seed crystal 
before spontaneous nucleation occurs. 

A normal freezing method called “crystal pulling,” discussed at length 
in Chapter 3, is illustrated in Figure 4.16(d). By judiciously decreasing 
the rate at which the melt receives heat, and at the same time carefully 
withdrawing a seed crystal which has been placed in contact with a melt, 
a single crystal can be withdrawn. 44 This is most easily accomplished from 
relatively pure melts. Frequently, the crystal is rotated, either to insure 
that it grows straight up from the melt, which is usually somewhat asym¬ 
metrically heated, or to provide stirring in the melt, or both. 

Another freezing method is illustrated in Figure 4.16(e). A liquid phase 
rests upon a solid phase and it is saturated with respect to the solid phase. 
Upon cooling slowly, recrystallization will occur and the supporting solid 
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phase may act as a seed for recrystallization. Rapid solidification may 

cause nucleation to occur at the melt surface or in the body of the melt. 

This freezing method may be used from melts which are dilute in the 

solute, that is, dilute in the major component of the solid phase. Under 

these conditions, the temperature at which solidification occurs will be 

far below the melting point of the pure solute. This freezing method may 

be used near the melting point, with nearly pure melts, by using a controlled 
thermal gradient. 


The freezing methods depicted in (a), (b), and (d) are normal freezing 
methods, while (e) could be called a normal freezing method without 
stretching the definition of normal freezing too far. The term “conservative 
fi eezing has been used to describe this class of freezing methods because 
the unifying condition is the conservation of material in the two phases 
as opposed to the condition in normal freezing. For example, normal freez¬ 
ing may be accompanied by evaporation of one of the components, or it 
may occur under a controlled pressure of one of the components. These 

are two examples of nonconservative freezing methods which are also 
normal freezing methods. 

Conservative freezing methods influence the impurity concentration 
incorporated into a growing solid in a way which can be described in a 
simple manner. When the impurities are incorporated into the growing 
solid by the simple freezing-in reaction (negligible solid phase diffusion 
complete liquid phase diffusion), a simple differential equation can be 
derived from which the solid phase impurity distribution can be calculated 

d In x L 

d In n L K ‘ (4.44) 

In this equation, x is the atom fraction of impurity in the liquid phase, 
and n is the total gram atoms of components in the liquid phase This 
equation was obtained by Scheil. 23 When the distribution coefficient is 
constant and the densities of the two phases are equal Eq (4 42) mav 

be obtained from (4.44). Eq. (4.44) may also be used to calculate impurity 
distributions arising from diffusion controlled freezing-in if the condition 
is met that the amount of impurity in the diffusion layer is small compared 
to the total amount of impurity in the liquid phase. Under these conditions 
the effective distribution coefficient must be used. If the effective distri- 
button coefficient is constant and the densities of the two phases are equal 

Eq. (4.42) applies.' It might be pointed out here that, in all of these con¬ 
siderations, it has been assumed that the concentration of the impurity 
at the phase boundary is not a function of position on the interface. The 
conditions under which this may occur, and the effects it has on the inter¬ 
face, have been studied by a number of workers. 46 ' 48 


CONTROL OF COMPOSITION BY FREEZING METHODS 


171 




Figure 4.17. Nonconservative freezing methods. 


\onconservative Freezing Methods 


Nonconservative freezing methods are illustrated in Figure 4.17. The 
freezing methods which are illustrated use a melting solid phase as a source 
of material during freezing. Figures 4.17(a) and (b) are zone melting meth¬ 
ods. ’ Figure 4.17(a) shows a molten zone being passed through an ingot 
by moving a boat containing an ingot through a heater. Crucibleless zone 
melting methods 50 55 are illustrated in (b). The zone is supported by the 
solid and by the melt surface tension. This freezing method is called “float¬ 


ing zone melting” or “suspended zone melting.” 

A variation of the zone melting method of freezing is shown in Figure 
4.17(c). Here, polycrystalline material is added to the melt while a single 
crystal is pulled from another position. 56 Figure (d) represents the growth 
of a crystal from a supersaturated liquid placed in a thermal gradient. 
With nutrient at the higher temperature, where the solubility is higher, 
and a seed crystal at the lower temperature, the crystal will grow at the 
expense of the nutrient. This crystal-growing method has many variations 42 
all of which use the principle that a seed crystal will grow when immersed 
at one temperature in a supersaturated liquid formed by dissolving mate¬ 
rial in the melt at a higher temperature. 

Ihe freezing methods illustrated in Figure 4.17(e) and (f) represent 
further variations in zone melting and have been called “temperature 
gradient zone melting.”'’ 7 59 A small amount of a low melting component, 
in which a crystal is appreciably soluble, is placed between two pieces of 


the crystal, and a thermal gradient imposed. The amount of crystal which 
will dissolve in the melt will be determined by the average temperature 


ot the melt in the thermal gradient. The thermal gradient, however, will 
produce a concentration gradient in the liquid phase since the solubility 
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of the crystal, in general, will vary with temperature. The usual situation 
is that the solubility is greater the higher the temperature; consequently, 
melting (or dissolution) occurs on the higher temperature side of the 
molten zone and freezing at the lower temperature. As a result, the molten 
zone moves up the thermal gradient. Figure 4.17(f) illustrates the same 
process for a small ball or narrow cylinder of melt on the surface of the 

crystal, across which there is a thermal gradient. 

The nonconservative freezing methods which have been illustrated 
make use of a melting solid phase as a source of material during solidifica¬ 
tion. The effects of such freezing methods on the concentration of an im¬ 
purity incorporated into the growing solid have been illustrated by Eq. 
(4.43) and by Figure 4.15. A more general equation can be obtained which 
applies to nonconservative freezing methods using a melting solid under 
conditions of simple freezing-in, or under conditions of diffusion-controlled 
freezing-in with a diffusion layer which contains a negligible amount of 
impurity. By writing the integral equation which describes the conserva¬ 
tion of the impurity when the melting solid phase is included, and then 
differentiating, the following equation may be obtained: 


d In x L 
d In n L 


+ 


x 


S,m 


S.f j S,m 

x dn 


x 


dn L 


K 


1 


(4.45) 


In this equation, x s,m is the mole fraction of impurity in the melting 
solid at the melting liquid-solid interface; x SJ is mole fraction of impurity 
in the freezing solid at the freezing interface; x L is the mole fraction of 
impurity in the liquid. The distribution coefficient k is the ratio x ' /x ; 
n L is the total moles of components in the liquid phase, and n s ' m the total 
moles of components in the melting solid. When a melting solid is not 
present, Eq. (4.45) reduces to (4.44). When the conditions are met that 
the distribution coefficient is constant, that the volume of liquid is held 
constant, and that the composition of the melting solid is constant, Eq. 
(4.45) may be reduced to (4.43). Eq. (4.45) is a more general statement of 
the properties of nonconservative freezing methods than is the equation 
derived by Reiss 60 which he used in zone refining calculations. 

Other nonconservative freezing methods may make use of a vapor phase 
as a source or sink for an impurity. For example, impurities may be per¬ 
mitted to evaporate from the liquid phase during normal freezing 61 or 
zone melting. 62 Another nonconservative freezing method which might be 
mentioned makes use of the effect a third component may have upon the 
solubility of a solid in a liquid. 63 By adding to a liquid phase an additional 
component in which the solid is less soluble than in the original solvent, a 

solid phase can be grown. 
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APPLICATIONS 

The freezing-in of impurities from a liquid phase has been defined as a 
heterogeneous reaction, and the effects of various limitations of the trans¬ 
port processes to and from the phase boundary on the concentration of 
impurities frozen in, have been described in previous sections in this 
chapter. In addition, two fundamentally different ways in which solidifica¬ 
tion can occur, and the manner in which they influence the concentration 
impurities have been illustrated. These fundamental processes have been 
applied to impurity control in a wide variety of forms, many of which 
will be described in this section. 

Methods of impurity control can be classified according to the goal 
desired. Three goals may be distinguished: (1) purification, (2) homogeniza¬ 
tion, and (3) controlled nonuniform impurity distributions. That is, one 
wishes either (1) to remove an impurity from a solid phase, (2) to dissolve 
the impurity at a uniform concentration within the solid phase or, (3) to 
distribute the impurity within the solid phase at concentrations which 
vary from one region to another in a prescribed way. 

Purification 

In general, the distribution coefficient of an impurity will differ from 
unity, and this is the fundamental phenomenon which permits purification 
to be achieved by freezing methods. When the distribution coefficient is 
less than unity the first solid to freeze is purer than the liquid; when k is 
greater than unity the last of the solid to freeze is purer than the original 
liquid. Two classes of purification methods, fractional crystallization and 
zone refining, will be described. 

Fractional Crystallization Methods. The simplest fractional crystal¬ 
lization method consists of a first step in which a portion of a liquid is 
solidified. After separating the remaining liquid from the solid, the solid 
is remelted and a portion of this is again solidified. When the distribution 
coefficient of an impurity is less than unity, the solid will reject impurity 
during freezing, and the impurity will be concentrated in the liquid. The 
purification resulting from these steps will depend upon the magnitude of 
the distribution coefficient of the impurity, upon the amount of solid 
formed in each step, and upon the freezing reaction. When the distribution 
coefficient is small, only one recrystallization will produce a large amount 
of refined material. 

Maximum purification will occur when the impurity is incorporated 
into the solid by the simple freezing-in reaction. When both liquid and 
solid phase diffusion are relatively rapid processes, equilibrium freezing-in 
will occur. In general, of course, diffusion controlled freezing-in occurs and 
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an effective distribution coefficient will be needed to describe the purifica¬ 
tion process. 

The use of fractional crystallization methods is discussed 1 >y Tipson. 42 
Various methods of combining liquid fractions and solid fractions to give 
optimum material recovery are discussed. A discussion of the problems 
associated with the separation of a solid from a liquid is included. 

Many of the important impurities in semiconductors have distribution 
coefficients appreciably less than unity and these impurities do not diffuse 
readily in the solid. Consequently, simple freezing-in occurs. The impurity 
segregation resulting from this process has been illustrated in Figure 4.14. 
It can be seen that most of the impurity will be concentrated in the por¬ 
tion of the crystal last to freeze. By discarding this tip end of the crystal 

after each crystallization, purification can be achieved without the loss 
of very much material. 69 

Zone Refining. A much more powerful method of purifying crystals 
than by fractional crystallization has been developed by Pfann. 26 ’ 49, 66 ’ 66 
He has called this process “zone refining.” When a molten zone is passed 
through a rod containing an impurity which has a distribution coefficient 
less than unity, the impurity tends to concentrate at the end of the rod 
as illustrated in figure 4.15. This effect can be enhanced by passing many 
molten zones through a rod. The concentration of an impurity can be 
greatly reduced in a large volume of crystal by this simple procedure. 

The maximum reduction in impurity concentration by zone refining 

after an infinite number of zone passes has been given by Pfann. 26 The 

ultimate impurity concentration is related to the distance along a rod by 
the equation 


Coo = Az Bl . (4.46) 

The two constants A and B may be obtained from the equations 26 



(4.47) 




(4.48) 


where Co is the initial concentration of impurity in the rod. The zone 
length is 2 and the length of the rod, L. Figure 4.18 illustrates the ultimate 
impurity distributions for various values of k on the assumption that the 
length of the rod is 10 times the zone length. Eq. (4.46) is actually an 
approximation since the effect of simple segregation during the normal 
freezing of the molten zone at the end of the rod has been ignored. In addi- 
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DISTANCE,! 

ligure 4.18. Ultimate impurity segregation following zone refining. (After Pfarm 
and Olsen.™) 

tion, the assumption that the liquid and the solid have the same densities 
ignores the complications which arise in practice as a result of the trans¬ 
port of the major component of the crystal during zone refining. 63 ' 67, 68 
figure 4.18 shows that even for fairly large values of k, the impurity con¬ 
centrations can be reduced substantially. 

# 00 ** 

Reiss has described a method by which the concentration of an im¬ 
purity in a rod can be calculated after the ith pass of a molten zone, as 
long as k is between 0.9 and 1.1. The degree of approximation is poorer 
when k is outside of these limits and when the number of passes is large. 
The variation in ingot concentration at the beginning of the rod, (7,(0), 
as ‘ l function of the number of zone passes, i, is given in the following table. 56 


Number of 
passes, i 

cm/Co 

0 

l 

50 

0.52 

200 

0.28 

400 

0.15 

1000 

0.037 

2000 

0.0058 

OO 

0.00045 


The distribution coefficient is 0.9524 and the ingot length is 100 times the 
zone length. The zone refining of an ingot containing an impurity with a 
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distribution coefficient of 0.95 represents a particularly unfavorable situa¬ 
tion. As the distribution coefficient becomes smaller, extensive purification 
can be achieved with many fewer zone passes than indicated in the above 
table. 

The method used by Reiss 60 is based upon the following differential 
equation, 


2 dCfd) 
k dl 


+ Ci a 0) = + «), 


s 


(4.49) 


which relates the concentration of impurity in the solid at the freezing 
interface during the ith zone pass, Ci S (l), to the concentration at the melt¬ 
ing interface, Ci-\ , from the ith minus one zone pass. These two concen¬ 
trations are, in turn, related to the distance, Z, along the rod, and the two 
constants k, the distribution coefficient, and z, the length of the molten 
zone. This equation may be obtained from Eq. (4.45) with the assumption 
that, in addition to a constant value of k and z, the densities of the two 
phases must be equal. 

Lord 69 has also used this differential equation to obtain the distribution 
of impurities in an ingot as a function of the number of zone passes for 
all values of k. However, the simple segregation effect at the end of the 
rod was ignored. Additional calculations of impurity distributions have 
been made by Milliken, 70 Birman, 71 and Burris, Stockman and Dillon. 72 

Zone refining methods fall into two categories: those which use a con¬ 
tainer (Figure 4.17a and c) and those which do not (4.17b). The first appli¬ 
cations of zone-refining techniques were made to germanium crystals 66, ' 3 
for which nonreactive container material was available. The application 

• 74 • 

of this technique to the purification of germanium' resulted in large scale 
production of high purity germanium. The refining of silicon, however, 
offers additional problems as a result of the greater reactivity of silicon 
and as a result of the higher resistivities and lower impurity concentra¬ 
tions which are sought. These problems have been largely overcome by 
the development of the floating zone or suspended zone method by Keck 
and co-workers, 50,51 and others. 52-55 

Bruce and co-workers 75 have described a modification of the floating 
zone technique which permits a larger volume of melt to be suspended 
than is customary. This method, called “cage zone melting,” uses a rec¬ 
tangular rod heated under such conditions that the edges do not melt, 

76 • 

thereby providing a cage for the melt. Pfann and Hagelbarger have dis¬ 
cussed the magnetic suspension of a molten zone which is accomplished 
by passing a current through both the rod and molten zone with the molten 
zone placed in a magnetic field. 

AlSb, 77 GaAs, 78 InP 78 and InSb 79,80 have all been purified by zone- 
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refining techniques. There is no doubt that the method is applicable to a 
very wide variety of materials. 

L niform Solid Phase Compositions 

There are a number of different ways in which a uniform concentration 
of an impurity can be incorporated into a crystal during solidification. If 
the distribution coefficient of an impurity were unity, or near unity, its 
concentration in a crystal grown from a liquid phase by the freezing meth¬ 
ods of Figure 4.16 would be uniform. However, very few impurities, other 

than isotopes of a particular element, have distribution coefficients near 
unity. 

Conservative Freezing Methods. In practice, an impurity distribu¬ 
tion coefficient will frequently be essentially constant during the growth of 
a significant fraction of the crystal by conservative freezing methods. 
Under these conditions, the variation in concentration of the impurity 
along the length of a crystal will be given by Eq. (4.42) and the curves 
of Figure 4.14. It can be seen that along no section of the crystal will the 
impurity concentration be constant. However, during the solidification of 
the first part of the crystal, the concentration of an impurity will be rela¬ 
tively constant. Eq. (4.42) can be used to estimate the amount of crystal, 
g* (the fraction of moles solidified), which can be grown, in which the 
concentration of an impurity does not vary by more than the fraction y. 
If C 0 S is the concentration of impurity in the first of the crystal to solidify, 

and C* s the concentration when the fraction g* has solidified, the fraction y 
is defined by 

p s p s 

y = — c ?— • (4 - 50) 

The fraction, g* y is then given by 

9* = 1 - (y + l) 1/(k_1) . (4.51) 

Since g* is the fraction of the melt solidified, it is apparent that the larger 
the melt volume the greater will be the amount of solid which can be 
grown having impurity concentrations within the limits of tolerance, y. 
This method of obtaining a uniform impurity concentration is used when 
only a relatively small section of a crystal is needed, or when the con¬ 
centration variations which can be tolerated are relatively large. 

When there is insufficient mixing in the liquid phase during crystal 
growth, impurities will be incorporated into the solid phase by the diffusion 
controlled freezing-in reaction. Under these conditions, uncontrolled growth 
rate variations will cause the impurity concentrations in the crystal to 
vary in an uncontrolled manner. 13,81 ' 82 However, by controlling the growth 
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rate during crystal pulling (Figure 4.16d) an additional degree of freedom 
can sometimes he achieved which permits constant impurity concentra¬ 
tions to be obtained. Regions of relatively constant impurity concentra¬ 
tions have been obtained in germanium 13 ’ 83 86 by programming the growth 
rate. The increase in impurity concentration in the melt as a result of the 
accumulation ot the impurity (k < 1) can be offset during the growth of 

an appreciable amount of crystal by decreasing the growth rate at just 
the correct rate. 

Nonconservative Freezing Methods. An effective way of distributing 
an impurity in a crystal at a uniform concentration by the freezing-in 
reaction has been called “zone leveling.” 26,49 The way in which the con¬ 
centration of an impurity will vary along a rod through which a molten 
zone has been passed is shown in Figure 4.15 for various values of the dis¬ 
tribution coefficient. The initial concentration of impurity in the rod is 
uniform and equal to C 0 S . When the distribution coefficient is less than 
unity, it will be noted that the impurity concentration varies less rapidly 
with position the farther the zone progresses down the rod. Note also 
that when the distribution coefficient is 0.5, the impurity concentration 
in the rod will be essentially equal to the initial concentration of impurity 
in the rod, Co , as long as the distance down the rod is more than seven 
zone lengths, this is a consequence of the accumulation of impurity in the 
molten zone to a concentration C 0 S /k, which results in the removal of 
impurity from the molten zone by the freezing solid, at the same rate as 
impurity is added to the molten zone from the melting solid. 

the effect, as described, is not of much use in preparing uniform im¬ 
purity concentrations since the rod must be initially of uniform concen¬ 
tration. However, this effect can be exploited for impurities with small 
distribution coefficients by using a zone initially charged with an impurity 
concentration of C 0 L . Under these conditions, the amount of impurity 
removed from the molten zone by the freezing solid will be negligible. 
Consequently, the melt concentration and the concentration of impurity 
in the freezing solid will remain constant as long as the amount of impurity 
added to the molten zone from the melting solid is negligible. This impurity 
control method is illustrated in Figure 4.19. A zone leveling equation 
which gives the concentration of impurity as a function of the distance, L 
along a rod of constant diameter, can be written. 26 

C s = kCo L e~ k(l,z \ (4.52) 

This equation can be obtained directly from the conservation of impurity 
in the two phases (assumed to have the same densities) and the assumption 
of simple freezing-in, or from Eq. (4.45) and the appropriate boundary 
conditions. Additional assumptions must be made that the distribution 


CONTROL OF COMPOSITION BY FREEZING METHODS 


179 



Figure 4.19. Zone leveling. 

coefficient is constant and that the impurity concentrations initially present 
in the rod are negligibly small. The initial concentration of impurity in 
the molten zone is Co L . 

Zone leveling has been used to give uniform impurity concentrations 
in germanium 7 ’ 73 and in silicon. 54 A number of modifications of the simple 
zone leveling scheme described here have been suggested by Pfann. 26,49 
These include the possibility of zone leveling with an impurity which has 
a distribution coefficient which is not small. Under these conditions, zone 
leveling may be obtained by mixing the impurity with the major component 

of the melting solid phase in such amounts that the melt concentration is 
kept constant as the zone moves along. 

Constant concentrations of a volatile impurity will be obtained during 
solidification under a constant partial pressure of the impurity over the 
liquid phase. If the distribution coefficient is less than unity, the con¬ 
centration of impurity in the melt will tend to build up and, consequently, 
the impurity partial pressure over the melt will tend to increase during 
solidification. By maintaining the coolest portion of the enclosed system 
at a temperature such that the pure impurity component forms a condensed 
phase, distillation from the melt to the cooler portion of the tube will 
take place and the melt concentration will remain constant. This scheme, 
suggested by Cans, Lagrenaudie and Seguin, 39 has been extended by van 
den Boomgaard to zone-melting methods of freezing. 89 van den Boomgaard 

also includes the effect of growth rate upon impurity concentrations ob¬ 
tained by this method. 

The rate at which an impurity evaporates from a liquid will be deter¬ 
mined by a characteristic rate constant and the difference between two 
concentrations. These concentrations are the impurity concentration in 
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the liquid, and the equilibrium impurity concentration which is deter¬ 
mined by the pressure of the volatile impurity over the melt. The steady 
state condition leading to uniform impurity concentrations in the freezing 
solid has been discussed and the general problem of the freezing-in of a 
volatile impurity has been analyzed by van den Boomgaard. 89 Theory was 
tested by experiments with Se in Ge. Bradshaw and Mlavsky 61 have stud¬ 
ied the evaporation of impurities from silicon during normal freezing. 

Nonuniform Impurity Distributions 

Nonuniform impurity distributions are of great importance in semi¬ 
conductors because of the unique electrical properties of p-n junctions 
which require differences in impurity concentrations in adjacent regions 
within a crystal. As a result of the expansion of the semiconductor field 
within the past few years, a rather large number of impurity control meth¬ 
ods have been developed which use the freezing-in reaction to give non- 
uniform impurity distributions. 

Conservative Freezing Methods. The concentration of an impurity 
may be varied continuously, for example, as a result of simple segregation 
(Figure 4.14) or as a result of simple zone segregation (Figure 4.15). Abrupt 
changes in concentration can be produced by adding an impurity to the 
melt during the growth of a crystal or by abruptly varying the growth 
rate. Periodic impurity distributions can be produced by periodic varia¬ 
tions in the growth rate. These three types of nonuniform impurity dis¬ 
tributions can be produced in a variety of ways. For semiconductor appli¬ 
cations, usually at least two impurities, rather than a single impurity, 
are controlled within a crystal. Many of these techniques have been re¬ 
viewed by Dunlap 90 and by Dacey and Thurmond. 91 I 

27 • 

Pfann ' has discussed the conditions under which the simultaneous 
segregation of two impurities will lead to a crossover of concentrations 
and thus a p-n junction. If the impurities have distribution coefficients k B 
and k c respectively, and is less than k c , a crossover will occur as long 
as the initial concentration of impurity B in the solid is less than that of 
impurity C. The source of this effect can be seen in Figure 4.14. It will 
be noticed that if all curves are superimposed at g = 0, that is if C 0 S is the 
same for each value of the distribution coefficient, the initial slope of the 
curve is smaller the larger the value of k. The slope approaches zero as k 
approaches unity, becoming increasingly more negative as k becomes 
larger than unity. Figure 4.20 illustrates the segregation of two impurities 
of distribution coefficients 0.1 and 0.5 respectively. The concentration 
ratio has been chosen to give the crossover when half of the melt has 
solidified. 

The sudden addition of a second impurity to a melt during the segrega- 
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Figure 4.20. The simple segregation of two impurities. Their concentrations have 
been adjusted to cross over when one-half the melt has been solidified. 

tion of the first impurity is frequently used to obtain a relatively abrupt 
change of impurity type. 85,86 Figure 4.21 illustrates the variation in im¬ 
purity concentration when an impurity having a distribution coefficient 
of 0.5 is added to a melt containing an impurity with a distribution co¬ 
efficient of 0.1 after half the melt has been solidified. The abruptness of 
the concentration change will be influenced by the time it takes for the 
added impurity to reach the growing crystal. Consequently, the rate of 
crystal growth and the stirring conditions will effect the way in which 
the concentration of the added impurity changes with the amount of 
crystal grown. 92-94 The slower the rate at which a crystal is pulled from a 
melt and the more vigorously the melt is stirred, either by rotating the 
crystal 30 or the crucible, 94 the more abrupt will be the change in impurity 
concentration. If, after the impurity is added to the melt, the growth is 
stopped and some of the crystal melted back, a very abrupt change in 
impurity concentration can be obtained when the growth of the crystal 
is resumed. 

The impurity distribution obtained by adding a second impurity to the 
melt, remelting a portion of the crystal, and then regrowing is quite simi¬ 
lar to the impurity control method suggested by Lehovec and Belmont 96 
called “surface melting” and the method suggested by Pfann 65 called 
“remelting with additions.” In the latter two methods, a small amount of 
an impurity is placed on the surface of a crystal which is then heated in a 
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Figure 4.21. Doping. The simple segregation of two impurities. The second im¬ 
purity was added after one-half the melt was solidified. 

thermal gradient. This causes the impurity to dissolve some of the crystal, 
thereby forming a surface liquid layer which contains the added impurity. 
By using a thermal gradient, a relatively large amount of crystal can be 
dissolved in the liquid layer (melt concentrations dilute in impurity) and 
temperatures close to the melting point of the crystal can be reached with¬ 
out danger of melting the entire crystal because of small temperature 
fluctuations. When the crystal is cooled, the added impurity will be in¬ 
corporated into the crystal by the freezing-in reaction and for slow growth 
rates, which are accompanied by convective mixing in the melt, segrega¬ 
tion will occur according to Eq. (4.43) with k = k°, the equilibrium dis¬ 
tribution coefficient. When the original crystal contains another impurity, 
a certain concentration of this impurity will be in the liquid phase as a 
result of dissolving a portion of the crystal. When the crystal is regrown 
this impurity will be incorporated into the crystal at a concentration de¬ 
termined by its distribution coefficient and its concentration in the melt. 
In general, this will mean that the impurity originally in the crystal will 
be incorporated into the regrown crystal at a concentration much different 
from the original concentration. This phenomenon has been discussed by 

Pfann and an impurity control method called the “remelt process” has 
been described. 

The remelt process permits the relative concentrations of two impurities 
in a crystal to be reversed by simply melting a portion of the crystal in a 
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Figure 4.22. The remelt process. The impurity concentrations are given as a func¬ 
tion of distance after a portion of a doped crystal was partially melted, then resolidi¬ 
fied. (After Pfann 65 .) 

thermal gradient and resolidifying it. Such an operation will produce two 
p-n junctions in a semiconductor when the impurities are properly chosen. 
Since the concentrations of the impurities in the melt will be the same as 
the original crystal concentrations, the concentrations of the impurities 
in the first portion of the crystal to refreeze will be k d D c ° and k A C A ° re¬ 
spectively, where C D ° and C A ° are the original impurity concentrations. 
If CT° is greater than C A °, and it is desired that k D C D ° is to be less than 
k aC a , the condition, 1 < Cd/C a < k^/k d follows. The impurity re¬ 
distributions obtained by the remelt process are shown schematically in 
Figure 4.22. 

When the impurity which is placed on the crystal is one which forms a 
low melting eutectic with the crystal component, a portion of the crystal 
can be dissolved in the molten layer or molten button on the surface (see 
Figure 4.16e) at temperatures many degrees below the melting point of 
the pure crystal. When the crystal is cooled, regrowth of the crystal will 
occur from the liquid phase and the impurity component, at high melt 
concentrations in this case, will be incorporated into the regrown costal. 
This method of controlling impurities is called the “alloy process” and is 
a widely used practical method of forming p-n junctions in semiconduc¬ 
tors. 90 104 Junctions made by this method are called “fused,” or “alloyed 
junctions.” A schematic plot which shows characteristic impurity distribu¬ 
tions obtained by the alloy process is given in Figure 4.23. 91 An acceptor 
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Figure 4.23. Impurity distributions after alloying. 

semiconductor,-acceptor, 

donor. (After Dacey and Thurmond? 1 ) 

with a distribution coefficient of 1(T 3 has been placed on a semiconductor 
crystal and heated to a temperature where the composition of the satu¬ 
rated melt was 0.5 mole fraction. Upon slowly cooling to the eutectic 
temperature, essentially all of the semiconductor has regrown since the 
assumption was made that the eutectic contains only 1 mole per cent of 

the semiconductor component. The distribution coefficient of the donor 
was assumed to be 10 . 

The best control of the geometry of a junction made by the alloy process 
may be obtained by careful orientation of the crystal surface on which 
the impurity is placed and by controlled heating and cooling rates It has 
been found that planar junctions can be obtained most readily in Ge and 
Si when (111) planes are used as alloying surfaces. 105 

The alloy process has been modified by using a third component as a 
carrier of an electrically active impurity. 105 - 109 The third component is 
generally either negligibly soluble in the regrown crystal or it is electrically 
inactive. Under these conditions, the amount of an acceptor or donor which 
is incorporated into the regrown layer will be determined by the concen¬ 
tration originally mixed with the carrier component. The effect on the 

distribution coefficients of chemical interactions in the saturated melts 
has been studied. 

Diffusion-controlled freezing-in can be used to give periodic impurity 
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concentration variations in a crystal. Figure 4.13 is a plot of the effective 
distribution coefficient as a function of the growth parameter J8/D from 
the model for diffusion controlled freezing-in proposed by Burton, Prim and 
Slichter. 35 Since the ratio 8/D can be expected to be relatively independent 
of the growth rate, 35 /, the curves of Figure 4.13 give the variation of the 
effective distribution coefficient with the growth rate. The transient con¬ 
ditions have been analyzed and it has been found that, in general, the new 
steady state will be achieved relatively rapidly after the growth rate has 
been changed to a new value. The Burton, Prim, and Slichter model has 

been verified for antimony and gallium in germanium 35 ' 111 ’ 112 and for 

, • • 111 , 112 
boron in germanium. 

Han 113 * 114 h as US ed diffusion controlled freezing-in to control two differ¬ 
ent impurities simultaneously in such a way that a conversion from an 
excess of one impurity to an excess of the other can be obtained by chang¬ 
ing the growth rate alone. Bridgers 111 has used the Burton, Prim and 
Slichter model to describe this process which Hall 113 ’ 114 has called “rate 
growing.” Rate growing takes advantage of the fact that, in general, the 
distribution coefficient of different impurities will vary with growth rate 
at different rates. For example, consider one impurity with a distribution 
coefficient which does not change very rapidly with growth rate and an¬ 
other which does change rapidly with growth rate. Under these conditions 
it will be possible to find a certain range of relative concentrations which 
will insure that the concentration of the first impurity will be in excess at 
slow growth rates while at higher growth rates the concentration of the 
second impurity will be in excess. This process is illustrated in Figure 4.24 
for a donor and acceptor under conditions which are idealized and neglect 
transients. 

In practice, the finite time required to establish the new steady state 
impurity concentrations will cause the change in concentrations to be less 
pronounced than shown in Figure 4.24. Hall 114 has taken advantage of this 
transient impurity distribution in order to use the rate growing process to 
give thin reproducible layers of crystal containing one impurity in excess 
between two regions where a second impurity is in excess. This modifica¬ 
tion of rate growing is called “rate growing with melt-back” and is illus¬ 
trated in Figure 4.25, after Bridgers. 111 After growing at a rapid rate where 
the donor impurity is in excess, the growth is reversed until enough of the 
crystal has been melted back to insure that the concentration of impurities 
in the solid at the liquid-solid interface are those of the rapid-growth 
steady-state condition. The growth of the crystal is then resumed and the 
original steady state growth rate reached as soon as possible. During the 
time taken to go from zero (or a negative) growth rate to the original fast 
rate, the concentration of impurities in the grown crystal will change in a 
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Figure 4.24. Rate growing. Impurity variation in concentration along a crystal 
resulting from alternate fast and slow growth rates (idealized). (After Dacey and 
Thurmond? 1 ) 



DISTANCE —* 

Figure 4.25. The variation in impurity concentrations along a crystal as a result 
of rate growing with meltback. (After Bridgers. 111 ) 

manner shown schematically in Figure 4.25. Bridgers 111 has discussed the 
use of an impurity with a distribution coefficient greater than unity and 
has used such an impurity to produce transistor structures in germanium. 
1 he application of rate growing with melt-back to the control of impurities 
in silicon has been described by Tanenbaum and co-workers. 115 
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A further adaptation of diffusion controlled freezing-in which results in 
the formation of a thin layer which contains an excess of one impurity 
sandwiched between an excess of another impurity in the crystal, has 
been made by Pankove. 116 This has been called the “melt-quench process. 
The tip of a small crystal containing a proper concentration ratio of two 
impurities is melted and then refrozen. Pankove uses a slow initial cooling 
followed by rapid cooling. He points out that if the melted tip is quenched 
rapidly enough the effective distribution coefficients of both impurities 
will become unity. Under these conditions, it is only necessary to have the 
proper ratio of impurity concentration in the original crystal. Ihe im¬ 
purity concentrations in the first of the regrown crystal to form will be 
those expected from the remelt process; 60 the rise in effective distribution 
coefficients to unity causes the original impurity concentrations in the 
crystal will be reached, and consequently, the rate of change of the effec¬ 
tive distribution coefficient with growth rate will not be important. 

Bridgers 111 has controlled the diffusion controlled freezing-in reaction 
by changing the stirring conditions in the melt. The effective distribution 
coefficient of an impurity has been shown to be a function of the rate at 
which a crystal, in contact with a melt, is rotated 13, 111 and is a result of 
the variation of 5, the diffusion layer thickness, with rotation rate. Since 
the effective distribution coefficient of two different impurities will, in 
general, depend on the rotation rate in different ways, it has been possible 
to produce impurity concentration changes in the crystal having first an 
excess of one impurity and then the other simply by varying the rotation 
rate of the crystal. This impurity control method has been called the 

“stirring modulation” method. 11 

Nonconservative Freezing Methods. Nonuniform impurity distii- 
butions can be obtained by zone melting methods which make use of the 
simple freezing-in reaction or the diffusion controlled freezing-in reaction. 
As has been pointed out, either of these freezing-in reactions can lead to 
impurity segregation curves of the type depicted in I igure 4.15. The tem¬ 
perature gradient zone melting method of controlling impurities, (I* iguies 
4.17e and f), suggested by Pfann, 67 is a different zone melting method which 
uses the diffusion controlled freezing-in reaction under conditions for which 
the Burton, Prim, and Slichter model 35 does not apply. In Figure 4.17(e), 
a melt lies between two closely spaced liquid-solid interfaces; at one inter¬ 


face melting occurs, and at the other interface freezing occurs. The rate 
of freezing and, thereby, the rate of motion of the molten zone will be 
determined by the concentration gradient of the major component of the 
crystal which is in the melt and by its diffusion constant. Since the liquid 
phase will contain a high concentration of the component which is an 
impurity in the crystal, the small zone of melt which moves through the 
crystal in the thermal gradient will leave behind a relatively high con- 
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centration of impurity in the crystal (unless the distribution coefficient- 
decreases rapidly with temperature). 

Figure 4.17(f) indicates how a high concentration of impurity could 
be formed on the surface of a crystal. This would be accomplished by 
moving a molten zone across the surface in a thermal gradient. By placing 
the thermal gradient in the vertical plane, the ball or cylinder of melt 
can, in principle, be made to move through the crystal leaving a cylinder 
or sheet of crystal which will contain a high impurity concentration. By 
altering the direction of the thermal gradient during the process, the region 
containing the impurity can be made to have a variety of geometrical 
configurations within the body of the crystal. 
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CHAPTER 5 


DEFECT INTERACTIONS IN SEMICONDUCTORS 

C. S. Fuller 

INTRODUCTION 

Chemistry has long been concerned with reactions between atoms and 
molecules. Wagner and his associates, however, showed that in solids, 
reactions are also possible among other entities, such as vacancies and 
electrons. They also showed that many of the usual chemical concepts 
could be applied to reactions in solids. In this chapter will be examined 
the results of applying the principles of physical chemistry to defects in 
solid semiconductor systems. 

9 j_g ^ 

Wagner and Schottky and their co-workers (1930-35), using concepts 
of Wilson 9 and others, were the first to apply the methods of thermody¬ 
namics and the law of mass action to the investigation of the equilibrium 
properties of insulating and semiconducting solids. They considered in 

10 7 

detail the role of Frenkel and Schottky' defects as well as the electrical 
effects of nonstoichiometry in oxide, sulfide, and ionic lattices. They also 
considered the effects of foreign atoms, but it was only much later that 
sufficiently pure crystals became available and the controlled addition of 
such atoms was realized experimentally. 11 Even at the present writing, the 
compound (oxide and sulfide) types of semiconductor have not been ob¬ 
tained in sufficiently pure form to test many of the predictions of theory. 
Only recently, in fact, have adequately pure elemental semiconductors be¬ 
come available for this kind of experimentation. 12, 13 Germanium and 
silicon single crystals are the outstanding examples, and most of the pres¬ 
ent discussion will center around these crystals. Although comparable 
purity has not as yet been obtained in most of the Group Ill-Group Y 
intermetallic compounds , 14 these materials are rapidly improving and some 
reference to them will be made. 

Certain kinds of interactions in semiconductors which are of fundamental 
importance have already been discussed. For example, the reaction between 
electrons and holes has been considered in Chapter 1. It has also been seen 
how electrons and holes interact with impurity atoms (donors and accept¬ 
ors) present in crystals. Many other kinds of reaction are possible. Atoms 
may react with vacancies or with one another. Examples of this kind are 
discussed in Chapter 7. Phonons and photons may react with atoms and 
electrons. No attempt, however, will be made to cover all kinds of reae- 
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tion in this chapter. For example, the recombination of electrons and 

holes or the trapping of carriers by impurities or defects will not concern 

us. These topics are treated in Chapter 11. Also the reaction of electrons 

and holes to form excitons 10 will not be considered here. Nor shall we be 

concerned with the interactions of nonequilibrium “solutes” like disloca- 

• • • 16 

tions although these are of great importance in insuring vacancy equilibria 
which will be of concern in some interactions. Dislocations are discussed 
in Chapter 12. 

A fruitful approach, already mentioned in Chapter 2, is to regard the 
semiconductor crystal as a solvent and the defects in the crystal (impurity 
atoms are here considered defects) as solutes. The analogy of an aqueous 
solution containing weak electrolyte 1 ' is particularly useful, and we shall 
refer to concepts arising from work in ionic solutions. 18 

In some ways semiconductor solutions are simpler to treat than aqueous 
solutions. For example, the effects of solvation need not be considered. 
Also, unlike liquids, crystals contain, for the most part, essentially immo¬ 
bile ions fixed on the lattice sites and therefore at known distances from 
one another. Semiconductor solutions, since they conduct by electrons and 
holes instead of by ions as aqueous solutions do, demand different experi¬ 
mental methods and different interpretations of the results. These distinc¬ 
tions will be more evident when the specific systems are discussed. 

THEORETICAL BACKGROUND 

In this section some theoretical ideas which are useful in treating the 
reactions of defects in solids will be reviewed. Unlike gaseous reactions and 
reactions in liquids, relatively little has been published on chemical reac¬ 
tions in solids. 19 As has already been indicated, however, it is possible to 
carry over to solids many of the ideas from gases and liquids. Furthermore, 
if the term “reaction” is considered in its broad meaning, to include reac¬ 
tions leading to defect formation as well as to defect interaction, consider¬ 
able work on this topic has already been done. Much of this is based on the 

1 # 2Q_23 

application of statistical methods to the problems of the solid state. 

The importance of these statistical methods in semiconductor studies has 
already been stressed in other chapters of this book, so that detailed dis¬ 
cussion will not be necessary here. 

In chemistry it has long been customary to treat equilibrium reactions 
by means of the so-called “Law of Mass Action” (LMA). 24 This relation¬ 
ship, which is deducible from statistics and also from thermodynamics, 
was early used in reactions involving solids. 1 We shall be primarily con¬ 
cerned with its application to solutions of defects in semiconductors re¬ 
garded as solvents. Fortunately, in most instances, only small solute con¬ 
centrations are needed, so that the ideal behavior can be assumed with 
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reasonable accuracy. However, where strong interactions between solute 
species occur, this will no longer be true. For these cases activities must be 
introduced in place of concentrations. 

Although the LMA has wide application to semiconductor solutions just 

as it does to aqueous solutions, it has definite limitations. One limitation 

arises from the interactions of the particles of solute referred to above. 

Interactions of this kind are analogous to the Debye-Hiickel effects in 
strong electrolyte solutions. 

In semiconductors, classical (Maxwell-Boltzmann) statistics may also 
no longer apply, and Fermi-Dirac statistics must then be employed. It 
can be shown that this condition leads to the failure of the LMA. However, 
where classical statistics apply to the semiconductor, the LMA also ap¬ 
plies. Inasmuch as we shall be mostly concerned with semiconductor solu¬ 
tions in the range where classical behavior holds, we shall adopt the LMA 
approach throughout most of what follows. 

Heterogeneous Equilibria 

In the study of equilibria it is frequently desirable to fix the chemical 
potential of a species in solution in a semiconductor solid by maintaining 
equilibrium with an external phase containing the solute and in which its 
activity is held fixed. It follows from the expressions for the chemical po¬ 
tentials for the two solutes that the ratio of the activity in the solid to 
that in the liquid is a constant. This ratio (generally using concentrations 
in place of activities) is known as the distribution coefficient. Under certain 
conditions, such as in the presence of high concentrations of holes and elec¬ 
trons, the behavior of the solute ions in the semiconductor may be far 
from ideal. Reiss 25 has shown, however, that even when the semiconductor 
is degenerate, and therefore no longer obeys classical statistics, the dis¬ 
tribution law may still apply to the heterogeneous equilibrium. Thus, 
solubility determinations should be useful in determining the electro¬ 
chemical potential of electrons (the Fermi level*) in semiconductors con¬ 
taining high concentrations of impurity atoms. 

Since the distribution constant is an equilibrium constant, we may apply 
the LMA. For the case mentioned above, a solute, A, will distribute be¬ 
tween the semiconductor solid and the external phase according to the 
relation, 

(N a) sol _ JJT- 

or 

* As discussed in Chapter 1, the Fermi level is to be identified with the electro¬ 
chemical potential of the electrons. 
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(N A ) sol = (N A ) ex rK = K' (5.1) 

where (N A ) so i is the concentration of A in the solid, {N A ) ex t is the concen¬ 
tration in the external phase and K' is the “solubility” in the semicon¬ 
ductor. If K' is known as a function of temperature, AH, 0 , the difference 
in the partial molal heats of the solute in the external phase and in the 
semiconductor, may be calculated from the Gibbs-Helmholtz equation, 

din K _ A H s ° 9 x 

dT RT' ^ * 

A H? can often provide information on interactions taking place in the 
solid. Activities must of course be introduced into Eq. (5.1) if the solutions 
are not ideal. 

Defects as Species 

In considering the various chemical equilibria, it is important to define 
what is meant by a “species.” From a kinetics point of view it is proper 
to regard any imperfection or impurity in the crystal for which the energy 
of formation is large compared to kT as a separate species. This arises be¬ 
cause any states with energy differences small compared to thermal energy, 
are in instantaneous equilibrium and so need not be considered separately 
in a reaction. Thus, atoms, ions, vacancies, electrons, holes, and even certain 
electrostatic complexes are eligible species. There may of course be several 
different kinds of atoms, ions, or vacancies in one and the same crystal. 

From the concept of the perfect crystal and that of the crystal defect as 
an energetic species, it follows from thermodynamics that there must exist 
an equilibrium defect concentration at all temperatures above absolute 
zero. The methods by which such equilibria may be evaluated have already 
been discussed in Chapter 2. 

DEFECT EQUILIBRIA IN SEMICONDUCTORS 

In the previous section have been mentioned the kinds of theoretical 
approaches which may be made to the study of reactions in semiconductor 
solids. In this section, in exploring these reactions in greater detail, we wish 
to examine the advantages of applying the LMA to solid solutions. Since 
there exists a close parallel between water solutions and semiconductor 
solutions, it is useful to consider first some of these similarities. 

Analogies Between Semiconductor and Aqueous Solutions* 

It is well known that pure water has an electrical conductivity which 
arises from its dissociation primarily into H + or (H 3 0 + ) and OH - ions, 


* The purpose of this section is to point out the similarities which exist between 
interactions in aqueous solutions and interactions in semiconductors. The simpler 
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and that the product of the ion concentrations is a constant 


[H + ][0HT] = N' 


K 


where N is the concentration of each i 
equal. 26 


(5.3 


ion, since in pure water they are 


This is exactly analogous to the equation 


n 'P ~ Ui ‘ = K *- (5.4) 

expressing the product of the hole and electron concentrations in pure 
semiconductors and discussed in Chapter 1. Since K w and K, are true 
equilibrium constants and depend on temperature alone, the energy of 
dissociation at constant pressure, can be calculated from the temperature 
dependence of the K’s, using the Gibbs-Helmholtz equation, (5.2). This 
energy for water is 13.5 kcal per mole or 0.59 ev per molecule. For ger¬ 
manium it is about 15.7 kcal per mole or about 0.68 ev per bond. 

Figure 5.1 is a plot of m for Si and Ge and of [H + ] for water over a 
l imited range of In each case the energy corresponds approximately to 

Br0nsted-Lowry ideas are adopted and no attempt has been made to make quantita¬ 
tive the analogies discussed. It is hoped that the discussion will, however, enable 

yS ff* chemi ® ts both to gain a better understanding of semiconductors and to 
adapt them to the solution of chemical problems. The book by J. E. Ricci “Hydroee- 

Ion Concentration,” Princeton U. Press, 1952, which inquires more carefully inn: 

the chemical concepts of aqueous solutions, may be consulted in this connection. 


n 


K, 
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that required to free the charged particles from their chemical bonds in the 
liquid or solid structures. Obviously the phase changes occurring in water, 
as well as other more complicated effects, limit the analogy. In all cases 
AH 0 is somewhat dependent on T , leading to deviations from linearity. In 
semiconductors this is expressed by a temperature dependence of the 
energy gap. 

Eqs. (5.3) and (5.4) apply not only to the pure solvents where the two 
kinds of particles are equal in concentration, but also to solutions where 
they are unequal. This is well known in the case of water, in which the 
addition of an acid, such as acetic acid, by increasing the H + concentration 
above the equilibrium value reduces the OH - concentration to maintain 
K w constant. In aqueous solutions this has been referred to as the “common- 
ion effect.” The corresponding process in semiconductors is a decrease in 
the electron concentration upon adding a dissolved acceptor, which in¬ 
creases the hole concentration. The terms “n- type” and “p-type” thus 
become synonymous with “basic” and “acidic” and the position of the 
Fermi level in the forbidden gap becomes analogous to the pH of an aqueous 
solution. When the Fermi level is in the upper part of the forbidden gap, 
the solution may be regarded as “basic” and when the Fermi level is in 
the lower part, as “acidic.” The process of titrating or neutralizing an 
acid by a base is analogous to that of compensating an acceptor with a 
donor, although the methods of course differ. 

Just as there are multiply ionized acids so there are multiply ionized 
acceptors in semiconductors. For example, Zn is doubly ionized in ger¬ 
manium 2 ' just as H 2 SO 4 is in water. Also like H 2 SO 4 , both ionizations of Zn 
are fully complete in “alkaline” or n-type solutions. Furthermore, there is 
the analogy in semiconductors of the effect of polarization on the ioniza¬ 
tion of a weak acid. The case of chloracetic acid is classical in aqueous 
chemistry. In semiconductors, similarly, strong electrostatic effects between 
an ion dipole, such as an ion pair and an ionized hole or electron, may 
influence greatly the degree of ionization. In semiconductor language elec¬ 
tronic states are said to be removed from the forbidden gap. Examples of 
this kind will be discussed on p. 210. 

Ionization energies of donors and acceptors in semiconductors are closely 
analogous to the ionization energies of weak bases and weak acids.* The 
methods of evaluating such energies, for example by determining the 
changes in conductivity as a function of temperature, are also similar. 

* Actually there is a difference, because of the entropy factor, AS* 0 , for some weak 
electrolytes may be negative, whereas this cannot occur for carriers in semiconductors 
where there is no entropy change. Nevertheless, the ionization energies for many 
weak acids fall in the same range as for many acceptors in Ge, namely 0.01 to 0.1 ev. 
See Ref. 18; Chap. 15. 
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These methods are however more revealing for semiconductors than for 
aqueous solutions, primarily because fewer complications are generally 
present. In aqueous chemistry, the interest is primarily on the degree of 
ionization as a function of concentration, whereas in semiconductors the 
change with temperature is more important.* 

The fraction of a donor or acceptor which is ionized depends on the 
position of the Fermi level, E F , in much the same way that the fractional 
ionization of a weak base or a weak acid depends on the pH of the solution 
it is in. This fraction for an acceptor for example is given byf 

N _ \ exp (Ef - E A )/kT 

it = 1- < 5 - 5 > 

1 + - exp ( E F - E a )/1cT 

which, when E F is less than E A by several kT , reduces to 

~ i exp ( E f - E A )/kT (5.6) 

In Eq. (5.5) and (5.6) N A - is the number of ionized acceptors, N A the total 
number of acceptors, and E A the ionization energy of the acceptor measured 
(as for E F ) from the top of the valence band (see p. 21). Similar relation- 
hold for donors except that the energy term becomes (E D - E F ). 

Eq. (5.5) enables the calculation of the degrees of ionization for any 
number of solutes providing their ionization energies and the Fermi level 
are known. A detailed discussion of these methods is given in Chapter 1. 
Such calculations are analogous to the calculation of the degrees of ioniza¬ 
tion in a mixture of weak acids and bases, given their ionization constants 
and the pH of the solution. 

Just as there are multiply-ionized solutes in both aqueous and semicon¬ 
ductor solutions, so there are amphoteric solutes in both. J The example of 
the “zwitter” ion in aqueous solution is well known. Similarly it appears 
that gold atoms, for example, ionize both as acceptors and as donors in 

* As elsewhere in this book a species is regarded ionized as a donor when it musi 
take up one or more electrons to become neutral, and as an acceptor when it mus; 
give up one or more electrons to become neutral. 

t The factors of \ in Eqs. (5.5) and (5.6) arise from the statistical weight factor 
associated with the two electron spin possibilities. See footnote, Eq. (1.17). 

t There is some confusion in the semiconductor literature in the use of the word 

“amphoteric.” In keeping with its chemical origin, this term should be restricted 

to a single solute species which ionizes as an acceptor, or as a donor depending upon 

the position of the Fermi level. This rules out solutes which ionize differently by 

virtue of different positions in the lattice, such as interstitial and substitutional 
atoms, for example. 
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germanium and silicon depending upon the position of the Fermi level. 28 
There is also the counter part of the “buffer” solution in semiconductors. 
Thus, weakly ionized donor and acceptor elements or amphoteric elements 
will absorb electrons or holes from more strongly ionized elements and so 
act to “pin” the Fermi level at a fixed value over considerable ranges of 
concentration of the strongly ionized species. 

Numerous other points of similarity exist between water and semicon¬ 
ductor solutions. There are, for example, deviations from Ohm’s law under 
high fields in both cases. Also the same fundamental concepts of mobility, 
drift, and diffusion apply to both electrolytes and semiconductors, although 
there are differences. For example, interstitial ions play an important role 
in semiconductors, but there does not appear to be evidence for interstitial 
ions in aqueous solution. There are also large differences in the magnitudes 

of the quantities themselves. Thus, the mobility of H + in water is about 

6 § 

10 times smaller than that of an electron in Ge. Furthermore, the mobili¬ 
ties of acceptor and donor ions in semiconductors embrace a wide range, 
so that they may be regarded in some experiments as fixed point charges 
and in others as fairly mobile charged particles. This permits the investiga¬ 
tion of the interesting effects of ion pairing (analogous to such pairing in 
in electrolytes) 29 and solubility effects due to “common ion” type interac¬ 
tions. 30 In theory Debye-Huckel effects also should be found in semicon¬ 
ductors. 4 Because of the much smaller dielectric constants of most semi¬ 
conductors compared to water, however, these effects should be orders of 
magnitude less. 30 

Finally, it is a common experiment in aqueous solutions to study solu¬ 
bility equilibria by means of a solute distributed between two phases. The 
same method also finds use in semiconductors and some specific examples 
will now be considered. 

Solubility Equilibria—Effect of Hole-Electron Equilibrium 

The effects of equilibrating solids in contact with an external gaseous or 
solution phase have been the subject of many investigations. 31 Most of these 
have been concerned with compound semiconductors and ionic crystals, 
primarily to investigate nonstoichiometric behavior. 22 Since nonstoichio- 
metric compounds are treated elsewhere in this volume (Chapter 7), we 
shall confine ourselves here to equilibria involving only the elemental 
semiconductors. 

Consider a solute D which is in equilibrium both with a semiconductor 
and an external phase in which its activity is constant. Then the following 
equilibria may be written 
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where D e and D s are the nonionized species in the external and solid semi¬ 
conductor phase respectively and D + and e~ designate the ionized solute 
and the electron in the semiconductor phase. The mass action law gives 




— N D s/N D e 




N D +-n 



whence 

N D +-n = N De KiK 2 = K 3 (5.10) 

where n is the electron concentration. It is evident from Eq. (5.7) that any 
preferential increase in the concentration of e~ will, through the mass ac¬ 
tion, reduce the ionization and therefore the solubility of D* On the other 
hand, decreasing the concentration of e~ will increase the solubility. We 
expect then that other donor and acceptor elements in the semiconductor 
may markedly affect the solubility of D. 

The effect of an acceptor in increasing the solubility of a donor (assumed 
completely ionized) has been solved' 52 by combining Eq. (5.4) and (5.10 
with the condition for electrical neutrality to give 




N a - 

1 + B 


+ 



(5.11 


where 

B = [ 1 + (2 ni/Nl+f] 112 , 

N a - is the acceptor concentration, ni the intrinsic carrier concentratio:. 
and N° d + the donor solubility in the absence of added acceptor. Figure 5.2 
shows the close correspondence of theory and experiment for the solubility 
of lithium in boron-doped silicon for three temperatures. Eq. (5.11) pre¬ 
dicts an inversion in the temperature coefficient of solubility of D when 
N A - becomes sufficiently large. This inversion is also evident in Figure 5.- 
from the crossing over of the curves for the various temperatures. 

Eq. (5.11) also predicts that for a fixed value of N A ~, the value of A D - 
is able to pass through a minimum as T is increased above room tempera¬ 
ture. This can arise because at low temperatures B may be close to unity 
and N a - can be large compared to N° D + . However, as the temperature > 
increased, B may rise more rapidly than N° D + . This kind of behavior has 

* N d , the total donor concentration in the semiconductor, is essentially A d~ 
since D is assumed largely ionized. Likewise in what follows N , for the acceptor 
ion concentration, is essentially the same as Na , the total acceptor concentration. 
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Figure 5.2. Solubility of lithium, No , in silicon as a function of boron concentra¬ 
tion, Na , at three temperatures. Full lines are calculated from Eq. (5.11). Experi¬ 
mental determinations are indicated on curves. External phase was tin containing 
0.18 per cent Li by weight. Plots show abrupt effect of N A when N A ~ ft; and inver¬ 
sion of temperature coefficient of solubility at high N A . 

been found experimentally 35 (see Figure 5.3) for the system lithium and 
germanium. Figure 5.3, in addition to exhibiting the minimum in the 
solubility with temperature, also illustrates the effect of ion pairing on 
solubility, an effect which is discussed in following pages. 

In the above examples the effects of other ionizable defects, such as 
vacancies and interstitials, are small and have therefore been neglected. 
Longini and Greene 33 have pointed out that the number of acceptor vacan¬ 
cies, for example, will be larger in semiconductors containing N D donors 
than in the pure semiconductor at the same temperature. For complete 
ionization of an acceptor vacancy, and at temperatures where N D y> Ui, 
they give 

Nv/Nv* « N D /m (5.12) 

where N v and N v l are the concentrations of an acceptor-type vacancy in 
the presence and absence of donor respectively, and Ui is the intrinsic con¬ 
centration of electrons. The number of equilibrium vacancies (acceptors) 
may therefore be increased several orders of magnitude for sufficiently high 
dopings of donors at sufficiently low temperatures, assuming of course that 

vacancy equilibrium can be established. 

An interesting confirmation of the effect of donors and acceptors on the 
solubility of vacancies (which are thought to be acceptors) in Ge has been 
made by Valenta and Ramasastry. 34 These authors measured the self 
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Figure 5.3. Solubility of lithium in germanium, N D , plotted against temperature 
in °C. Curve A —experimental curve for solubility of Li in Ge containing 4 X 10 17 cm - * 
of Ga. Minimum predicted by equation (5.11) is shown. Curve B —theory (full linei 
and experiment (triangles) for Ge containing 2 X 10 17 cm -3 Ga, taking into account 
the effects of pairing (Eq. 5.17). Curve C —theoretical curve for same specimen as in 
B, but not taking account of pairing (Eq. 5.11). External phase is equilibrium Li-Ge 
phase. 

18 

diffusion of Ge in crystals which were heavily doped with arsenic (6 X 10‘ 
cm -3 ) and also in crystals doped with Ga (5 X 10 19 cm -3 ). As would be 
predicted, the diffusion in the n-type crystal was enhanced over that in 
pure Ge, whereas that in p-type was decreased. The effects were also larger 
as the temperature was lowered. It is evident from Figure 5.1 that similar 
effects to those found in Ge should occur in Si at lower dopings, the tem¬ 
perature being the same, since rii is lower for Si. 

Another use of Eq. (5.11) is to obtain N° D + , the solubility of a fully- 
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Figure 5.4. Solubility of lithium in undoped germanium, N° D , as a function of re¬ 
ciprocal of absolute temperature. A —curve calculated from data of curve A, Figure 
3, using Eq. (5.11) ignoring pair formation. B —curve calculated from Eq. (5.17) 
taking account of effect of pairing. The point shown as a filled-in circle is an upper 
limit for the solubility taken from experiments of Morin and Reiss (Ref. 44). The 
external phase is equilibrium Li-Ge phase. 

ionized donor in the undoped semiconductor, from determinations of its 
solubility in the semiconductor containing known concentrations of ac¬ 
ceptor. For this purpose the equation is best solved for N° D + explicitly. 25 
The solubility of Li in undoped Ge has been determined in this manner.* 
Thus curve A of Figure 5.4 was calculated using data from curve A Figure 
5.3. Curve B of Figure 5.4 is discussed in the paragraph immediately 
following. 

Solubility Equilibria—Effect of Ion Pairing on Solubility 

In addition to the hole-electron effect on the solubility of ionizing solutes, 
an effect arising from the pairing f of ions of opposite signs is also to be 

* Lithium readily precipitates from Ge at room temperature, thus making deter¬ 
minations which depend on resistivity very unreliable. This is not the case for Ge 
sufficiently doped with acceptor. See Ref. 40. 

t A discussion of ion pairing itself, including consideration of the experimental 
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expected. The magnitude of such an effect has been calculated 25 by taking 
account of the fact that the equilibrium to form pairs, P 

A- + D + +±P (5.13) 

N p/N a-N d+ = fip (5.14) 

may be expressed in terms of an ion-pairing constant 0 P . As was done 
previously for the hole-electron equilibrium, an expression for K 3 of Eq. 
(5.10), which we shall refer to below simply as K, can be deduced, 



Here Nd is the solubility* of the mobile donor in the undoped semicon¬ 
ductor. The pairing equilibrium constant, Q P , is easily shown to be related 
to the donor ion concentration, N D + by 




N d+ 1 + 


Q P N 


1 + V.pN 




Thus when m and N° D are known, K is known from Eq. (5.15). The pairing 
constant S2 P is calculable from the distance of closest approach of the ions 
in a manner described later in this chapter. With il P and K known, N D - 
may be obtained from Eq. (5.16) and finally N D , the total donor present, 
from Eq. (5.17). For a given value of N A , N D can therefore be plotted 
against T provided K, , and n, are known as functions of T. 

The curves in Figure 5.3 referred to above show both the effects of the 
hole-electron equilibrium and of the pairing equilibrium on the solubility 
of Li in Ge containing Ga. 35 Curve B shows the agreement between theory 
(full line) and experiment (triangles) for Ge containing 2 X 10 17 cm -3 of 
Ga when N D , the total Li concentration, is calculated as described above 
for the case of ion pairing. Curve C shows the curve expected on the basis 
of the hole-electron equilibrium alone (Eq. 5.11), where N D + is essentially 
the total concentration of Li. It is evident that the determined solubilities 
furnish support for the occurrence of ion pairs and that the effect of ion 
pairing on the solubility is to reduce the depth of the minimum. Further 
support for pairi ng is given by curves A and B of Figure 5.4. Curve A 

conditions under which it occurs, is given below in following pages. Here we wish to 

consider only the effect such pairing has on the solubility of a mobile donor such 
as Li. 

* Nd is written for N° D + since ionization is essentially complete. 
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already referred to has been calculated from experimental curve A of 
Figure 5.3 by means of Eq. (5.11), i.e., under the assumption that no pair¬ 
ing occurs. It deviates considerably from the measured upper limit of the 
solubility of Li in Ge at room temperature, given by point P of Figure 5.4. 
On the other hand curve B , Figure 5.4, which has been calculated taking 

ion pairing into account, is in much better agreement with the experimental 
point P. 

When doubly-charged acceptor (or donor) ions are present, there will be 
triplets (designated by T) as well as pairs formed. The equilibria may be 
written and solved in a similar way using two interaction constants, one for 
pairs, Sip , and one for triplets, Sl T . However, the ions involved now are 
differently charged. For a singly-charged donor in the presence of a doubly - 
charged acceptor, the equilibrium expressions are 


Np- 


N a -N d+ 


SI 


(5.18) 


N 


Np-N d + 


SI 


(5.19) 


1 he electrical neutrality equation likewise must take into account the ion 


charges 


N D + + p = 2 Na- + Np—\- n 


(5.20) 


Solution of the problem results in 

2V^[2 + No+tip] 


N D+ 



K 


N d + 


(1 + N D +Q P + (N D +) 2 Qpa T ) (5.21) 


From which N D + can be obtained if Q P , Q T , n t , K and N A are known. 

With N d + known, N D , the total donor concentration, may then be calcu¬ 
lated from, 


N d = N d+ 


(l + ^A 

\ l+i 


N a~^p + 2N d+N 


+ Nd+Hp + (Nd + ) tip® 


(5.22) 


Experiments in which the solubility of Li was determined in Zn-doped 

germanium* at various temperatures between 100 and 300°C have been 

reported. 36 These verify the predictions of Eqs. (5.21) and (5.22) of the 

greater effect of triplets as compared to simple pairs on the solubility of Li, 

when reasonable values are assumed for the distances of closest approach 
of the ions. 


* Zn is a doubly-charged acceptor in Ge. See Ref. 43. 
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There is a limitation on the magnitude of the effect which pairing may 
have on solubility in excess of the effect the hole-electron equilibrium may 
have. When the concentration of the donor, N D + , is near that of the 
acceptor, N A - (as at room temperature) the solubility obviously cannot be 
influenced much by the pairing process. Also when N A - is very small, the 
pairing effect will necessarily be very small. 

ION PAIR PROCESSES AND KINETICS 

The possibility of forming ion pairs in solid solutions analogous to those 
in aqueous solutions was recognized in the early work on semiconductors. 4 
There exist differences, however. In solids there is no solvation to deal with 
and the fact that the ions must assume definite positions in the lattice must 
be taken into account. Nevertheless, the theory of ion pairing as worked 
out for aqueous solutions, while not rigorously applicable to solids, can be 
employed with useful results. 

Reiss 25 has pointed out that in semiconductor solutions, ion pair forma¬ 
tion should be more pronounced than in aqueous solutions both because of 
the lower dielectric constants and the closer approach of the ions in the 
solids. Also in semiconductors, in contrast to aqueous solutions, the ion 
concentrations need not be equal since charge balance may be achieved 
through electrons and holes. 

Eq. (5.14) may be written 

tip = Np/(N a - Np)(N d - Np ) (5.23) 

where the concentrations of the ions are now expressed in terms of the 
un-ionized atoms and the pairs. Using the pair distribution functions of 
Bjerrum 36 and Fuoss, 3 ' we may express as 

Q P = [q 2 /KkT]*Q(a) (5.24) 

where q is the electronic charge, k the dielectric constant and a = q/nkTa 
where in turn a is the distance of closest approach of the two ions forming 
the pair and Q(a) is a known function of a and is fixed when is known. 
Once tip is known from pairing measurements, Q(a) may be obtained from 
Eq. (5.24) and, in turn, a itself from published tables 18,25 giving the nu¬ 
merical solution of Q(a). Once a is known, a, the distance of closest ap¬ 
proach is known. 

38 # 

Prener has given a modified distribution function for pairs in terms of 
the ion sites and has calculated the degree of association expected for ions 
occupying progressively more distant sites from one another. For adjacent 
site occupation the results are in good agreement for the same concentra¬ 
tion and T, with the predictions of Lidiard 39 based on the mass action law. 
The degree of association falls off rapidly for the more distant sites. 
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Ion Pairs Involving Lithium 

Because lithium is mobile at relatively low temperatures in many semi¬ 
conductors, it is a very useful donor element to employ in the investigation 
of ion pairing reactions. Lithium diffuses as an interstitial ion in these 
crystals and so is able to react with other ions which, because of their low 
mobilities, may be regarded as fixed in the lattice. Some of these interac¬ 
tions have already been discussed in the section on solubility. Here atten¬ 
tion will be directed more specifically to other properties of such ion pairs. 

Reiss 25 has made calculations applicable to the system, Li in Ga-doped 
Ge where, for a = 1.7 X 10 S A, the fraction of donors paired, N p/Nd , is 
shown to be very dependent on T. Thus, N P /N D for Li changes from 0.90 
to 0.03 for a rise in T from 250°K to 400°K when both the Li and Ga are 

• 15 _3 

present in concentrations of 10 0 cm . 

It is possible by means of Hall measurements to determine the fraction 
of ions paired in a unique manner. Since the pair is outwardly neutral, it 
has negligible scattering effect on electrons and holes as compared with the 
separate ions. It follows that if the carrier mobility is determined as a 
function of T in two acceptor-doped Ge specimens, one containing Li and 
the other not, they will exhibit the same mobility when the number of 
scattering ions is the same in each. Thus, if the acceptor concentrations are 
the same (N a) in the two specimens, and the Li concentration is N D in one 
of them, we have, when the temperature is such as to give equal mobilities 
in the two cases, 

Na = N a + No - 2Np (5.25) 

or 

Np/N d = 0.5 

Figure 5.5 shows the high degree of precision possible by means of this 
method in Ge. Two separate experiments each with a Li-free control speci¬ 
men of Ge and with a Ge specimen containing Li are shown. Although two 
different values of N A are represented, the values of a, the calculated dis¬ 
tances of closest approach of the Li + and Ga ions, are identical within 
experimental error in the two cases. Table 5.1 is a summary of experimental 
results obtained in this manner for Li introduced into Ge crystals contain¬ 
ing various acceptors. For boron, the value of a is larger than that calcu¬ 
lated from the covalent radii (column 2 of Table 5.1) indicating a high 
degree of strain about this atom in Ge. 


Ion Pairing Relaxation 

The idea of an ion pairing relaxation is best understood as follows: we 
imagine at first a random arrangement of positive and negative ions, one 


0 
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Figure 5.5. Plots of Hall mobilities against absolute temperature for two Ga-doped 
Ge crystals. Upper curves: Control contains 9 X 10 15 cm -3 Ga, but no Li. Partner con¬ 
tains 9 X 10 15 cm -3 Ga and 6.1 X 10 15 cm -3 Li. Lower Curves: Control contains 3 X10 17 
cm -3 Ga and partner contains 3 X 10 17 cm -3 Ga and 2.8 X 10 17 cm" 3 Li. The values 
of a calculated by means of Eqs. (5.23), (5.24), and (5.25) are shown on the figure. 

Table 5.1. Distance of Closest Approach of Li-Acceptor Pairs in Germanium 


Acceptor 

Tetrahedral 

Radius 

Sum of Tetrahedral Radius 
and Li + radius* 

Measured Distance 

o 

(A) 

(A) 

(A) 

B 

0.88 

1.48 

2.16 

A1 

1.26 

1.86 

1.68 

Ga 

1.26 

1.86 

1.72 

In 

1.44 

2.04 

1.83 

Ge 

1.26 




* Note: Li + radius = 0.60 A. 

kind of which is fixed and the other free to move. Such a situation is repre¬ 
sented by Li ions in solution in Ge containing an acceptor like Ga, for ex¬ 
ample. At sufficiently high temperatures the pairs are completely disso¬ 
ciated and the ions are randomly distributed, although the Ga ions are of 
course confined to the lattice sites and the Li ions to the interstitial sites. 
If the temperature is suddenly decreased to a value where pairs form by 
diffusion of the positively charged Li ions to the negatively charged Ga ions. 
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a reaction ensues to which a rate constant, k may be assigned. The relaxa¬ 
tion time for ion pairing is then defined as 

r = l/k (5.26) 

It has been shown by Reiss 20 that the reaction follows a pseudo first order 
relationship, and if it is assumed that equal concentrations of the two kinds 
of ions are present and that each mobile positive ion is eventually paired to 
its nearest negative neighbor, then the rate of trapping is given by 

= 4 wN 2 RD = kN F (5.27) 

at 

where N F is the concentration of the free or untrapped ions, N is the 
original concentration of the ions before reaction, R is the radius of an 
imaginary sphere about each fixed ion into which the mobile ion moves 
before it is trapped, and D is the diffusion constant of the more mobile 
ion. 

A reasonable value 20 of the capture radius R is q/nkT. From Eq. (5.27) 
therefore an approximate value* for the relaxation time is 


KkT 


T 


4:Trq 2 ND ' 


(5.28) 


Hence, r can easily be estimated from the diffusion coefficient of the mobile 
ion. Figure 5.6 shows values of r computed for Li + in Ga-doped Ge, using 
extrapolated values of D, as a function of N and T. 

Direct determinations of r have been made by means of conductivity 
measurements. 25 These are based on the fact that, at a given temperature 
the formation of pairs changes the carrier mobility, but not the carrier 
concentration. Hence a change in conductivity is really due to a change in 
mobility. When the pairing reaction is first order, as is the case here, it 
can be shown that 


log (o'* - a t ) = log <$> + t/r (5.29) 


where a M and a t are the conductivities at “infinite” time and time t , respec¬ 
tively, and $ is a constant. 1/r is obtained from the slope of the log (o^ — 
a t ) vs. t curve. 

The experiments were performed by quenching specimens of Ge contain¬ 
ing both Li + and Ga - ions from a temperature, where there was complete 
separation of the ions, to liquid nitrogen temperature. The specimens were 
then quickly brought to a temperature where the pairing rate is appreciable 
and the change in conductivity measured with time. A typical curve 20 of 


* An exact derivation (Ref. 25) also leads to Eq. (5.28). 
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N IN CM -3 

Figure 5.6. Relaxation time r as a function of N, the number of Li + or Ga~ ions 
cm -3 in Ge for a series of absolute temperatures. Values of D, the diffusion constant 
for Li in Ge, were obtained by extrapolation of the diffusion curve for Li in Ge from 
Ref. 40. 


the logarithm of relaxation time versus l/T is shown in Figure 5.7, where 
satisfactory agreement is obtained with theory for a B- and a Ga-doped 
Ge crystal. As theory demands, r is independent of a, the distance of 
closest approach of the ions. The use of ion pair relaxation measurements 
to determine very small diffusion constants is discussed on p. 233. 

For a more general and more precise mathematical treatment of the 
problem of ion pairing relaxation, the reader is referred to Ref. 25, Ap¬ 
pendix C. 

Interaction of Ion Pairs with Carriers 

The effect of a dipolar charge, such as exists in an ion pair, on the ioniza¬ 
tion of the ions themselves has already been mentioned. The effect arises 
from the coulombic repulsion by the dipole on the hole and electron lib¬ 
erated by the ionized acceptor and donor respectively. 41 This acts in such a 
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Figure 5.7. Logarithm of relaxation time r against 1/T for a Ga-doped (full line) 
and a B-doped Ge Crystal (dashed line) each compensated with Li. Ihe full line and 
the dashed line were calculated from Eq. (5.29). The open circles and triangles show 

the actual measurements. 

direction as to remove states from the forbidden gap which were available 
before the pairing. Such an effect has been found experimentally in Ge. 
Figure 5.8 shows Hall measurements on a Ge specimen containing 1.0 X 10 
cm 3 Ga which has been nearly compensated with Li. It is possible to 



Figure 5.8. Plot of hole concentration p, against 1/T for Ge specimen containing 
1.0 X 10 16 Ga cm -3 and compensated with 8.85 X 10 15 cm -3 of Li. Eq. (5.30) enables 
both N a and Nd to be calculated with the result that nearly all of the donor and 

acceptor states are removed by pair formation. 
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determine both N A and N„ by making use of the linear, low-temperature 
part of Figure 5.8 where Eq. (1.34), i.e., 




exp [~E A /kT] 


(5.30) 


applies. In Eq. (5.30), is the effective mass for holes 42 and the other 
symbols have their usual meanings. In this way it is found that N A = 

1.4 X 10 3 cm 3 and N» = 2.5 X 10' 4 . Therefore the number of acceptor 
states lost is 8.6 X 10 1 cm 3 . This is nearly identical with the number of 
Li atoms added, and therefore with the number of pairs, since under these 
conditions pairing will be essentially complete. This proves that one ac- 
ceptor state is removed per pair as expected. 


Ion Triplets 

The example of Li in Zn-doped Ge has already been discussed in connec¬ 
tion with solubility. Because the Zn ion is doubly charged, 43 it is possible 
for the triplet species, (Li + ) 2 Zn" to form as well as the pair, (Li + Zn“). This 
reaction has been investigated 26 by the methods described above in which 
the changes in diffusivity and mobility have been determined.* 

Morin and Reiss 44 have made a quantitative study of this reaction by 
means of Hall and conductivity measurements and have confirmed the 
high stability of the triplet (Li + ) 2 Zn - . Figure 5.9, which is to be compared 
with Figure 5.5, shows the mobility results. In Figure 5.9, curve B shows 
the change in mobility in a Ge specimen containing both Li and Zn ions. 
The fact that this curve lies above curve A for the control specimen con¬ 
taining only the Zn ions is in agreement with the elimination of the doubly- 
charged scattering centers by pair formation, i.e., the formation of Li + Zn”. 
Ihese pairs together with unpaired Li + ions account for what scattering 
exists in specimen B over the temperature range of Figure 5.9. The fact 
that the two curves are essentially parallel over this range illustrates the 
high binding energy of the Li + Zn - pair. The removal of states from the 
forbidden gap has also been measured quantitatively by determining the 
concentration of donors, pairs, triplets and acceptors independently. The 

results show that not only are the Li and Zn levels removed, but also the 
level corresponding to the pair (Li + Zn = ).f 

Based on what the authors 44 call a “point-charge model” and an “un- 

* Results showing the effect of Zn upon the diffusion of Li in Ge have been re¬ 
ported which show a reduction of nearly two orders of magnitude in the diffusion 

constant at room temperature as a result of pair and triplet formation. This effect 
is discussed in Chap. 6. 

t Actually, calculations show that other levels close to the band edges may ap- 
pear. 
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Figure 5.9. Plot of Hall mobility against absolute temperature for a specimen of 
Ge containing 8.5 X 10 16 cm -3 of Zn (curve A) and the same material containing in 
addition 1.45 X 10 16 cm -3 Li (curve B). Curve B lies above curve A because essentially 
all of the doubly-charged Zn ions are paired, leaving only singly-charged [Zn=Li+] 
pairs, which over the temperature range shown are very stable. Hence curves A and 
B, in contrast to the curves in Figure 5.5, are nearly parallel. 

symmetrical dipole model,” distances of closest approach of the Li Q + and the 
(Li + Zn“) ions in the triplet are calculated to be 2.76A and 3.50A, respec¬ 
tively. This agrees with the greater size to be expected for the negatively- 
charged pair (Li + Zn = ) as compared to a singly-charged negative ion such 

as Ga - . 

Pairing of Substitutional Ions 

The previous discussion has dealt with pairing between substitutional 
and interstitial ions. Because the formation of pairs between most sub¬ 
stitutional ions must proceed by the vacancy mechanism of diffusion which 
becomes appreciable only at temperatures approaching the melting points 
of most semiconductors, pairs of binding energy less than about 0.5 to 1.0 
ev would not be expected to form in any appreciable concentration. Such 
substitutional pairs are in fact to be expected only when the binding energy 
of the ions in the pair exceeds that between the separate ions and the atoms 
or ions of the solvent crystal. So far evidence of such substitutional pairs 
has been found only in the (Zn, Cd) (S, Se) group of semiconductors. We 
shall therefore take up these first and then discuss some possible pairing 

reactions in Ge. 

Kroger and Hellingman 45 suggested that the blue luminescence of ZnS 
phosphors might be caused by pair formation, e.g., of Ag + replacing Zn ++ , 
and CF replacing S” on adjacent lattice sites. They also imagined such 
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pairs largely dissociated at high temperatures. Later investigators 46 ' 47 also 

.1: :s 1 •, t ^ b r:rr i 
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However when the pairs are related as second or third nearest neighbors 
he localized levels of the donor and acceptor ions are retained 
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(5.31) 


E i = q/ kt i. 
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ronic charge and r is the inter-impurity distance. For a pair concentration 

of nr f T T° n °! CU and C1 ’ they calcu late a degree of association 
f 0.6 for adjacent sites («0 and of 0.03 for next nearest sites (a 2 ) at 1000°C 

I he phenomenon of ion pairing on lattice sites is thus of great interest 
both in semiconductor and in luminescence research 

In Ge attempts to detect substitutional pair formation between Ga~ and 

the f TiT ? 6n u made by meanS ° f diff ™ measurements Because 0 f 

the act that only the unpaired ions are able to move, diffusion measure 
ments are a sensitive measure of pairing. Radioactive arsenic was diffused 

however, on the diffusio/constaM at 850°C vithin £, ^ Ze ’ 

ments. Hence, it is concluded that very little reaction between As-’and 
Cooccurs. Further discussion of reaction between Ga and As is given on 

Actually inTh7elmpt,mdet^ and Ga ~ P«™. 

levels should appear very close to the valence and conduction bandT “ ’ 
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OTHER ASSOCIATION COMPLEXES 

Attraction and repulsion may occur between defects in solids because of 

lattice strains 49 or because of electrostatic forces. The idea that charged 

defects may associate in solids was recognized by Dunwald and Wagner 

in 1933. 4 They postulated a reaction between a Cu + vacancy and Cu ++ in 

Cu 2 0 crystals as has already been mentioned. Many investigators have 

since given attention to other possible kinds of association, both in ionic 

and in homopolar crystals. 16,30 The existence of some of these complexes is 

still not established. Others are quite well established.* The following is a 

brief discussion of some of those reactions which are pertinent to semicon¬ 
ductors. 

Vacancy-Vacancy Pairing 

There has been considerable discussion in the literature of vacancy- 
vacancy interactions. 1 ’ 50 Because of their effective charges of opposite 
sign, anion and cation vacancies would be expected to attract one another. 
However, the effects of lattice strain usually cannot be ignored. Estimates 
of the energies of dissociation of divacancy complexes range from 0.1 to 
over 0.6 ev. In the alkali halide crystals such complexes were invoked to 
explain the M and R bands in the ultraviolet, 16 as well as to explain the 
apparent high mobility of the vacancies. The latter, however, now finds an 
alternative explanation, namely, the established role of dislocations in the 
generation of body vacancies. 16,51 Also, recent experiments 52 fail to support 
the production of vacancy pairs in NaBr. 

In predominantly covalent crystals such as Ge, Si, and the Group Ill- 
Group V compound semiconductors, the attraction between vacancies is 
expected to be weak. In fact a repulsion would be predicted on the basis of 
lattice strain energy. 16,49 Also, ionization of the vacancies would be ex¬ 
pected to result in similar charges leading to coulomb repulsion. 

Vacancy-Atom and Vacancy-Ion Complexes 

Considerable evidence exists that vacancies are associated with impurity 

atoms in metals when such association results in a reduction in the strain 

energy. Chief evidence for the existence of these has come from diffusion 
investigations. 53 

In ionic crystals, vacancies carry an effective charge of the opposite sign 
to that of the missing ion and, since the force of attraction is proportional 
to the charge, multiply charged ions will be more strongly bound than 

* A number of these defects are believed to exist in alkali halides, and are shown 
in Figure 2.7. 
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singly charged ions. The energy of dissociation of Cu + vacancies and Cu~~ 
ions in Cu 2 0 is reported as 2.04 ev. 4 Etzel and Maurer 54 report Cd ++ ions 
are held to cation vacancies in NaBr with an energy of 0.3 ev. Furthermore, 
they find that Cd diffuses extremely rapidly in NaCl. Similar results were 
observed for Sr ++ and Zn ++ in NaCl. Stasiw and Teltow 55 showed that 
Pb ++ ions associate with Ag + ion vacancies in AgBr. They concluded that 
the vacancies increased in concentration with additions of divalent impuri¬ 
ties and forced Ag + out of interstitial solution thus reducing the ionic con¬ 
ductivity. Iheir conductivity results could be explained equally well by a 
concentration dependent pairing reaction or by a Debye-Hiickel kind of 
interaction or both. Lidiard 39 has discussed the production of vacancies in 
NaCl by “doping” with Cd ++ ions. At low temperatures he finds the cation 
vacancies and Cd ++ ions associated as pairs having no net charges. The 
interaction energy was found to be 0.35 ev. Mapother, Crookes and Mau¬ 
rer, suggested that triplets form in Nal between I and cation-anion 
vacancy pairs. 

Very little information exists on whether or not vacancies are associated 
with impurity ions in covalent semiconductors. Since vacancies in these 
crystals are likely to be charged at low temperatures, 57 it is reasonable to 
suppose that stable pairs may form with oppositely charged lattice ions. 
Some evidence that association occurs even at elevated temperatures has 
recently been given by Swalin. 58 

COMPOUND FORMATION IN SEMICONDUCTORS 

In a sense, ion pairs such as already discussed are compounds. In fact the 
distinction between “compounds” and pairs is an arbitrary one. Some pairs, 
such as those between multiply-charged ions or between ions in solids with 
low dielectric constants, may be very stable. It is convenient, however, to 
consider separately examples in which foreign atoms are bound in semi¬ 
conductors by bonds having a metallic or a covalent nature as well as ionic. 
An example of the first-mentioned bond is the nucleus for precipitation for 
a metallic solute. Oxygen in silicon is an example of a partially covalent- 
bonded impurity. In this section we wish to discuss briefly some problems 
which pertain to interactions which involve bonds of these kinds 

^ 30 * 

Teltow has suggested that a pairing between two donor ions like phos¬ 
phorus may form in Si in analogy to the H 2 molecule, 

P + :P + (5.32) 

No evidence of such an association has been reported and such a structure 
is not supported by the electron spin resonance investigation of phos¬ 
phorus-doped Si in which, at concentrations of 10' 6 at least, no interaction 
between spins is found. 69 
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Reactions Between Donor and Acceptor Atoms 

Several investigators 25, 60 have suggested that an interaction, possibly 
involving covalent bond formation analogous to that in the III—V inter- 
metallic compounds, may occur between Group III and Group V solutes 
in Ge provided the free energy of interaction is sufficient. This energy for 
the reaction 

AB + AC ^±AA + BC (5.33) 

between solutes B and C in solvent A may be expressed in terms of the 
equilibrium constant 

K = 2 exp (5.34) 

where W is the change in the elementary energy in Eq. (5.33) and the 
factor 2 arises from simple entropy of mixing. 62 For the example of Ga and 
As in Ge, an estimate of W has been made from the bond energies of 
W « -0.15 ev. 61 Since at 1200°K Eq. (5.34) provides a value of K of the 
order of 10, the fraction of GaAs molecules formed when Ga and As are 
present in concentrations of 10 19 cm 3 may be estimated to be approximately 
10~ 4 . In agreement with the experiments mentioned on p. 214, therefore, 
very little reaction is to be expected. Frisch 62 has calculated that polymer¬ 
like aggregates may be expected to form when reaction (5.33) is favored. 
Assuming both A and B mobile and no intra-molecular reaction, he calcu¬ 
lates that for a pair concentration of 10 19 cm 3 and a diffusion constant of 
1(T 10 cm 2 /sec, approximately 50 hours should be required to form aggre¬ 
gates of a radius of about 2000 A. So far no evidence for any such polymeric 
aggregates in semiconductors has been found. 

Reactions in Silicon Containing Oxygen 

The finding that oxygen is present in Si crystals grown from quartz 
crucibles 63 and that oxygen plays an important role in the heat-treatment 
effects observed in Si, 64, 65, 66 is of considerable interest from the point of 
view of reactions in the solid state. The fact that oxygen is able to migrate 
in the crystal and to form larger aggregates 64, 6< at about 1000°C is signifi¬ 
cant. There is good evidence that after quenching from high temperatures 
oxygen is present primarily in the form of mono-dispersed Si-O-Si group¬ 
ings. 66 Between about 1000 and 1150°C, the aggregation reaction takes 
place rather rapidly, presumably leading to the formation of groupings of 

SiCb tetrahedra in a new (Si0 2 ) x phase. 

Electrical investigations 65 show that still other reactions occur. When Si 
crystals containing oxygen are heated in the temperature range 450 to 
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500 C, donors are formed the nature of which is not yet understood. These 
disappear to a large extent when the temperature is again raised above 
500 C. When acceptor impurities are present additional reactions, also 
involving oxygen, take place. These are believed to form compounds be¬ 
tween the acceptor element and oxygen. These reactions are particularly 
pronounced with Al. In this case, donors are formed which are stable at 
temperatures above 700°C. Sluggish equilibria appear to exist with a de¬ 
creasing concentration of donors above 700°C until, near the silicon melting 
point, all compounds are dissociated and the original solutions restored. 
What appear to be the same solid state reactions can then be carried out 
again. Reaction products which are neutral electrically also appear to form. 
Although neither the nature of these nor of the donors is known, several 
possibilities exist. 1 he donors could arise from structures of the kind 
[Al 0] which have one electron in excess of the number to saturate the Si 
valences for a substitutional compound. Neutral complexes could arise 
when a full complement of electrons is present as in [Al O Al], Similar com¬ 
pounds can arise from B and Ga and possibly In. Evidence from infrared 
absorption has in fact been obtained for a compound between Ga and oxy¬ 
gen in Si. In addition to these reactions, reactions paralleling those with 
silicon in which A10 4 tetrahedra and aggregates of such tetrahedra in a new 

dispersed phase are produced, may also add to the already complicated 
picture. 

As a final illustration of reactions involving oxygen, the work of Pell 7 ' 
on the interaction between Li and oxygen will be discussed. Evidence of 
such an interaction has also been reported by Fuller and Logan . 66 Pell 
found that Li exhibits different precipitation kinetics in Si containing oxy¬ 
gen and in Si prepared by the floating-zone method, which introduces veiy 
little oxygen. The precipitation was followed by measuring the change in 
electrical conductivity with time at constant temperature. Pell deduced 
the following reaction mechanism to explain his observations: when Li + 

is introduced in excess into Si it reacts with any oxygen present to form 
LiO , 

Li + + O <=> LiO + ( 5 . 35 ) 

Ihe reaction is reversible, the LiO + decomposing as the Li + is removed by 
precipitation to a final equilibrium at the precipitation temperature. 

It is assumed that, at the start of the precipitation, i.e., in the super¬ 
saturated state after the quench from higher temperature, all of the oxygen 
is in the form LiO + . The excess Li + , also present, precipitates normally. 
Further precipitation, however, depends upon the decomposition of the 
LiO and subsequent diffusion of the Li + so formed, to nuclei. The reduced 
effective diffusion rate of the latter causes a break in the precipitation curve. 
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The electron concentration at this break is equal to the LiO f concentration 
and therefore to the oxygen concentration of the crystal. 

Pell is able to calculate the equilibrium constant, K for reaction (5.35), 

K = 8 X 10 23 exp ( — 0.52 /kT) (5.36) 

and, by means of it, to account quantitatively for the observed precipita¬ 
tion kinetics in the presence of oxygen. The fact that reaction (5.35) in¬ 
volves only one Li + ion is established by means of infrared absorption 
measurements before and after the precipitation. The infrared evidence 
also further confirms the model. However, there is evidence that Li 4 0 +4 
may form under conditions of very high Li supersaturations. This work is 
an excellent illustration of how physical measurements on semiconductors 
combined with physical chemical principles are able to advance our under¬ 
standing of solid state reactions. 

One thing is evident from the above discussion, namely, that reactions 
do take place in solid solutions which offer new, interesting fields for investi¬ 
gation. The covalent semiconductors in particular offer excellent media for 
the study of these because of the electrical changes the reactions produce 
and the fact that the pure semiconductors are now well understood. 

REFERENCES 

1. Wagner, C., and Schottky, W., Z. phys. Chem., Bll, 163 (1930). 

2. Wagner, C., Physik. Z., 32, 641 (1931); Z. physik. Chem., B2L, 42 (1933); ibid., 

B22, 181, 195, 469 (1933); ibid., B32, 447 (1936); Trans. Faraday Soc., 34, 851 
(1938); J. Chem. Phys., 18, 62 (1950) ;ibid., 19, 626 (1951). 

3. v. Baumbach, H. H., Diinwald, H., and Wagner, C., Z. physik. Chem., B22, 

226 (1933). 

4. Diinwald, H., and Wagner, C., Z. physik. Chem., B17, 467 (1933). 

5. v. Baumbach, H., and Wagner, C., Z. physik. Chem., B22, 199 (1933). 

6. Wagner, C., and Griinewald, K., Z. physik. Chem., B40, 455 (1938). 

7. Schottky, W., Physik. Z., 31, 913 (1930); ibid., 32, 833 (1931); Naturwissenschaf- 

ten, 23, 656 (1935); Z. Elektrochem., 45, 33 (1939); Z. physik. Chem., B29, 335 
(1935). 

8. Schottky, W., and Waibel, F., Physik. Z., 36, 912 (1935). 

9. Wilson, A. H., Proc. Roy. Soc. (London), A133, 458 (1931); ibid., A134, 277 (1931); 

ibid., A136, 487 (1932). “Semiconductors and Metals,” Cambridge Press, 1939. 

10. Frenkel, J., Z. Physik, 35, 652 (1926); JofTS, A., Ann. phys., (4) 72, 461 (1923). 

11. Kroger, F. A., and Vink, H. J., Physica, 20, 950 (1954); “Halbleiter Probleme. I,” 

p. 128, W. Schottky, Vieweg, 1956. 

12. Teal, G. K., and Little, J. B., Phys. Rev., 78, 647 (1950); Pfann, W. G., and Olsen, 

K. M., Phys. Rev., 89, 322 (1952); Pfann, W. G., “Zone Melting,” New York, 
John Wiley & Sons, Inc., 1958. 

13. Keck, P. H., Physica, 20, 1059 (1954). Emeis, R., Z. Naturforsch., 9a, 67 (1954). 

14. Welker, H., in “Solid State Physics,” Vol. 3, New York, Academic Press, Inc., 

1956. 

15. Kittel, C., “Introduction to Solid State Physics,” 2nd Ed., New York, John Wiley 

& Sons, Inc., 1956. 


220 


SEMI COND UC TORS 


16. Bardeen, J, Phys. Rev., 76, 1403 (1949); Seitz, F., in “Imperfections in Nearlv 

Perfect Crystals,” New York, John Wiley & Sons, Inc., 1952; Reviews of Modern 
Physics, 23, 328 (1951). 


17 


18 


Teltow, J., Ann. Phys., 5, 71 (1949); Reiss, H., J. Chem. Phys., 21, 1209 (1953); 

Brattain, W. H., and Garrett, G. G. B., Ann. N. Y. Acad. Sci., 58 , 591 (1954); 
Fuller, C. S., Record Chem. Progr., 17, 75 (1956). 

Harned, H. S., and Owens, B. B., “Physical Chemistry of Electrolytic Solutions ” 

p. 123, ACS Monograph #75, 2nd Ed., New York, Reinhold Publishing Corp.. 
1956. ’ 


19. Much has however been written on reactions between solid phases. See Hedvall, 

J. A., “Einfiihrung in die Festkorperchemie,” 1952. 

20. Guggenheim, E. A., “Boltzmann’s Distribution Law,” New York, Interscience 

Publishers, Inc., 1955; Fowler and Guggenheim,” Statistical Thermody¬ 
namics,” Oxford University Press, 1939. 

21. Reiss, H., J. Chem. Phys., 21, 1209 (1953). 

22. Rees, A. L. G., “Chemistry of the Defect Solid State,” London, Methuen and 

John Wiley and Sons, Inc., 1954. 

23. Mott, N. F., and Gurney, R. W., “Electronic Processes in Ionic Crystals,” 2nd 

ed., Oxford University Press, 1948. 

24. Daniels, F., and Alberty, R. A., “Physical Chemistry,” New York John Wilev 

& Sons, Inc., 1955. 

25. Reiss, H., Fuller, C. S., and Morin, F. J., Bell System Tech. J., 35, 535 (1956). 

26. Bates, Roger G., “Electrometric pH Determinations,” John Wiley & Sons, Inc.. 

1954 • 

27. Tyler, W. W., and Woodbury, H. H., Phys. Rev., 100, 1259 (A) (1955). 

28. Dunlap, W. C., Jr., Phys. Rev., 100, 1629 (1955); Woodbury, H. H and Tyler 

W. W„ Phys. Rev., 105, 84 (1957); Collins, C. B„ Carlson, R. O., and Gallagher’ 
C. J., Phys. Rev., 105, 1168 (1957). 

29. See Reference (18), Chap. 5. 

30. Teltow, J., Ann. Physik, (6) 5, 63, 70 (1949); “Halbleiter Probleme. Ill ” W 

Schottky, Vieweg, 1956. ’ 

31. Bloem, J., Philips Research Repts., 11, 273 (1956); Bloem, J., and Kroger, F. A. 

Zeit physik. Chem., 7, 16 (1956). Also see Reference 2. 

32. Reiss, H., and Fuller, C. S., J. Metals, 8, 276 (1956). 

33. Longini, R. L., and Greene, R. F., Phys. Rev., 102, 992 (1956). 

34. Valenta, W. M., and Ramasastry, C., Phys. Rev., 106, 73 (1957). 

35. Reiss, H., and Fuller, C. S., J. Phys. & Chem. of Solids, in press. 

36. Bjerrum, N., Kgl. Danske Videnskab. Selskab, 7 No. 9 (1926). 

37. Fuoss, R. M., Trans. Faraday Soc., 30 967 (1934); Kraus, C. A., /. Am. Chem. 

Soc., 79, 3301 (1957); Kraus, C. A., and Fuoss, R. M., ibid., p. 3304; Krau« 
C. A., /. Phys. Chem., 60, 129 (1956). 

38. Prener, J. S., J. Chem. Phys., 25, 1294 (1956). 

39. Lidiard, A. B., Phys. Rev., 94, 29 (1954). See also “Encyclopedia of Physics,” 

Vol. XX Elect. Cond. II, p. 246. Springer Verlag, 1957. 

40. Fuller, C. S., and Ditzenberger, J. A., Phys. Rev., 91, 193 (1953); Fuller, C. S.. 

and Severiens, J. C., ibid., 96, 21 (1954). 

41. Handler, G. S., J. Chem. Phys., 23, 1977 (1955). 

42. Geballe, T. H., and Morin, F. J., Phys. Rev., 95, 1085 (1954). 

43. Tyler, W. W., and Woodbury, H. H., Phys. Rev., 102, 647 (1956). 

44. Morin, F. J., and Reiss, H., Phys. Rev., 105, 384 (1957). 

45. Kroger, F. A., and Hellingman, J. E., J. Electrochem. Soc., 93, 156 (1948). 




DEFECT INTERACTIONS IN SEMICONDUCTORS 


221 


46. Kroger, F. A., and Dikhoff, J., Physica, 16, 297 (1950). 

47. Froelich, H. C., J. Electrochem. Soc., 100, 280 (1953). 

48. Prener, J. S., and Williams, F. E., Phys. Rev., 101, 1427 (1956); J. Electrochem., 

103, 342 (1956). 

49. Zener, C., Phys. Rev., 74, 639 (1948); Friedel, J., Advances in Physics, 3, 446 (1954). 

50. Breckenridge, R. G., in “Imperfections in Nearly Perfect Crystals,” New 

York, John Wiley & Sons, Inc., 1952. 

51. Fuller, C. S., and Ditzenberger, J. A., J. Appl. Phys., 28, 40 (1957). 

52. Schamp, H. W., Jr., and Katz, E., Phys. Rev., 94, 828 (1954); Seitz, F., Rev. 

Mod. Phys., 26, 7 (1954). 

53. Johnson, R. G., Phys. Rev., 56, 814 (1939). 

54. Etzel, H. W., and Maurer, R. J., J. Chem. Phys., 18, 1003 (1950). 

55. Stasiw, O., and Teltow, J., Ann. Physik. (6) 1, 261 (1947). 

56. Mapother, D., Crooks, H. N., and Maurer, R., /. Chem. Phys., 18, 1231 (1950). 

57. Penning, P., Philips Research Repts., 13, 17 (1958). 

58. Swalin, R. A., J. Appl. Phys., 29, 670 (1958). 

59. Feher, G., private communication. 

60. Zaromb, S., IBM J. of Res. & Dev., 1, 57 (1957). 

61. Thurmond, C. D., private communication. 

62. Frisch, H. L., private communication. 

63. Kaiser, W., Keck, P. H., and Lange, C. F., Phys. Rev., 101, 1264 (1956). 

64. Kaiser, W., Phys. Rev., 105, 1751 (1957); Kaiser, W., and Keck, P. H., J. Appl. 

Phys., 28, 882 (1957); Kaiser, W., Frisch, H. L., and Reiss, H., Phys. Rev., 
December (1958). 

65. Fuller, C. S., et al., Acta. Met., 3, 97 (1955); Fuller, C. S., and Logan, R. A., 

J. Appl. Phys., 28, 1427 (1958). 

66. Hrostowski, H. J., Kaiser, R. H., Phys. Rev., 107, 966 (1957). 

67. Lederhandler, S., and Patel, J. R., Phys. Rev., 108, 239 (1957). 

68. Fuller, C. S., and Doleiden, F. H., J. Appl. Phys., 29, 1264 (1958). 

69. Hrostowski, H. J., and Kaiser, R. H., J. Phys. and Chem. of Solids, 4,155 (1958). 

70. Pell, E. M., Paper presented at Conference on Solid State Physics, Brussels, 

June 2, 1958; J. Phys. & Chem. Solids, 3, 74, 77 (1957). 



CHAPTER 6 


DIFFUSION PROCESSES IN GERMANIUM AND SILICON 

Howard Reiss and C. S. Fuller 


INTRODUCTION 

There exist many excellent treatises and reviews 1 dealing with the mo¬ 
tions ot atoms which lead to permanent or semi-permanent displacements 
in s °lids. Most of these, however, are not concerned with semiconductors, 
this is understandable, because much of the work on semiconductors has 
been completed only in the last five years. No attempt will be made in 
this chapter to cover all semiconductors. Instead we shall confine our dis¬ 
cussion to work relating to germanium and silicon. Germanium and silicon 
not only furnish some of the most interesting examples of atom move¬ 
ments, but also illustrate the important advantages offered by semiconduc¬ 
tors in general for the study of diffusion processes. Reference to diffusion 
in compound semiconductors will be found in Chapter 7. 

The topics here selected are those unique to semiconductors, or at least 
those which can be uniquely observed in semiconductors. As will become 
clear, an abundant variety of phenomena which occur in metals and di¬ 
electrics are very conveniently investigated in semiconductors. 


FUNDAMENTALS OF DIFFUSION PROCESSES 
Concept of Diffusion Coefficient 

It is customary to discuss diffusion in terms of the diffusion coefficient, 
Z>, even though this parameter possesses fundamental significance only in 
certain limiting situations. D is usually defined by means of Pick’s law 2 
which states that the flux density, /, of diffusant is proportional to the local 
concentration gradient, with D the constant (or function) of proportional¬ 
ity. lor diffusion along the x coordinate, Pick’s law may be expressed as 




where N is the concentration of diffusant. Application of the continuity 

equation 3 to Eq. (6.1) yields (when D is constant) what is often called 
Fick’s second law, 


222 


DIFFUSION PROCESSES IN GERMANIUM AND SILICON 223 


dN 

dt 




in which t stands for time. 

For a system which is isotropic in respect to diffusion it can be shown 
that 



where (X 2 ) is the mean square displacement of a particle after the time t. 

In crystals we are concerned with the jumping of atoms between lattice 
or interstitial sites which are nearest neighbors. In these cases each jump 
may be considered of equal length, Z, and it can be shown that when the 
jumps are not correlated (i.e., when a given jump does not depend on the 
previous jump),* (6.3) reduces to 




where v is the average frequency with which an atom jumps out of a given 
site in any allowed direction. In diffusion by the vacancy mechanism , the 
jump frequency depends on coordination number, vibrational frequency, 
the energy barrier for jumping, and the probability that a given atom is 
in a nearest neighbor position to a vacancy. 

Under certain conditions, for example for ions diffusing, or “drifting,” 
in an electric field, the jumping probabilities are unequal in, and opposed 
to the direction of the field. An additional term in dN/dx must then be 
added to the continuity equation (and to Eq. (6.2) above). Examples of 
this kind are treated in a later section. Also, if the jump probability is 
dependent on the concentration of diffusant, D will no longer be constant 
but a function of N , and Eq. (6.2) will no longer apply. 4 However, in semi¬ 
conductors the concentration of diffusant is generally very low and most 
problems can be treated adequately by assuming a constant D. When 
interactions are present which lead to a nonconstant D, it is often possible 
to separate D into concentration-dependent and concentration-independ¬ 
ent parts. 

In order to measure atomic displacements it is necessary to have a frame 
of reference from which to measure. It is usual when studying diffusion 
into single-crystal solids to adopt the solvent or crystal lattice as the frame 
of reference. At high concentrations and under conditions favoring large 

* The jumps of a tracer atom are correlated in the vacancy process of diffusion be¬ 
cause there is always a greater probability that the atom will jump backwards rather 
than forward once it has jumped forward. 
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mass transport this choice can lead to error and confusion. These problems 
have been discussed thoroughly in the literature . 5 However, for the dilute 
solutions with which we shall be concerned in this chapter, the lattice 
reference frame is satisfactory. 

Boundary Value Problems in Diffusion 

The measurement of D , usually, but not always, requires the solution of 
boundary value problems . 115 The processes leading to such solutions are 
purely mathematical and have been discussed in great detail. 1 * - b For this 
reason we shall make no attempt here to discuss the problem generally, 
other than to point to the formulation with which the mathematician is 
usually burdened at the outset. 

The boundary value problem consists of the continuity equation, which 
we reproduce here for the three-dimensional case, 

TT - & (° 6 -w) + T, 0 f i ) + k (° dJ k) <6 - 5 > 

plus certain initial and boundary conditions. The initial condition takes the 
form of a specification of the space dependence of N A at the zero of time, 

N A {x,y,zfi) = N A (x,y,z) (6.6) 

while the boundary conditions specify the values of N A at certain points 
or along certain surfaces in the field of diffusion. Thus 

N A (x b ,y b ,z b ,t) = r(a ;6 ,y b ,z b ,t) (6.7) 

where ( x b ,y b ,z b ) are coordinates lying on the boundaries and T is a pre¬ 
scribed function of these coordinates and time. When the mathematician 
has discovered a function N A which satisfies Eqs. (6.5), ( 6 . 6 ) and ( 6 . 7 ; 
simultaneously, the boundary value problem is solved. 

From time to time we shall deal with specific examples of Eqs. (6.5), 
( 6 . 6 ), and (6.7), and in such cases we shall be content with stating the 
solution, thereby avoiding any discussion of the mechanics of its genera¬ 
tion. 

Chemical Potentials and Diffusion 

The chemical potential Uj , of a solute;, is given by: 

Mi = Mi° + RT In 7 jN j (6.8) 

where /z/ is the chemical potential in the standard state, R is the gas 
constant, T the absolute temperature, 7 / the activity coefficient, and Nj 
the concentration. 

Eq. ( 6 . 8 ), which connects the quantity N (now Nj) of the previous sec- 
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tion with the chemical potential, permits interpretation of D in terms of two 
factors, one being a thermodynamic quantity and the other kinetic. Thus 
it can be shown 5, 6 that Dj , the diffusion coefficient for a solute species 
j, is related to its mobility, Mj (i.e., the velocity attained by a particle 
of j under unit applied force) by the equation 

D ‘ - k ™‘ (>+ I'B) 

where k has been written for R/ N, N being Avogadro’s number. The quan¬ 
tity in brackets is purely thermodynamic while kTMj is kinetic. 

When the diffusing particle is an ion and an electric field is present, yj 
becomes the electrochemical potential 

Hi = ju/ + kT In 7 jNj + ZqV (6.10) 

where Zq is the ionic charge and V is the electrostatic potential. In this 
case fij may not only depend on the local state obtaining where Nj is meas¬ 
ured, as is assumed in the derivation of Eq. (6.9), but also on the way in 
which charges are distributed through the crystal, i.e., on the presence of 
a space charge. Under these circumstances an equation of the form of Eq. 
(6.9), in which y 3 - is to be interpreted as an activity coefficient, cannot be 
written. When V depends only on local conditions, an equation of the form 
of Eq. (6.10) can be written by dropping the term ZqV and replacing yj 
by a new activity coefficient, y y exp (ZqV/kT). 

The drift due to the electric field (or other fields) even when V is of local 
origin may outweigh the effect of the concentration gradient and so-called 
“up-hill” diffusion may occur. Such diffusion occurs whenever the gradient 
of the chemical potential , which is the force promoting the diffusion, is 
opposed to the concentration gradient. 6 Problems involving the diffusion 
of ions in electric fields, are peculiar to semiconductors as distinct from 
metals, and we shall have more to say about them later. 

Kinetics of Diffusion 

Many attempts have been made to specify the average jump frequency, 
v, given in Eq. (6.4) in terms of atomic parameters. For diffusion in solids 
the best theory is that of Wert and Zener, 7 which is a variation of Eyring’s 
theory of absolute reaction rates. 8 The Wert-Zener theory was originally 
developed for interstitial diffusion, but the same concepts apply to other 
diffusion mechanisms. 

For interstitial diffusion,* it can be shown that the average jump fre¬ 
quency may be expressed in terms of the harmonic frequency of vibration, 

* In this case the diffusing atoms pass between the atoms of the crystal which are 
imagined fixed on the lattice. Interstitial diffusion is not to be confused with “inter- 
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vq , by 


P f 

v = gv o p-. 

a 

In Eq. (6.11), is given by 



( 6 . 11 ) 


( 6 . 12 ) 


where K is the constant of proportionality between force and displacement 
of a particle in an interstice and m is the mass of the particle. Le Claire 1 J 
calculates v 0 from v 0 = (A///2m/“) 1/_ where AH is the activation energy for 
diffusion and l is the jump distance. P' and P 0 in Eq. (6.11) are the parti¬ 
tion functions (over planes perpendicular to the line joining interstitial 
sites) for diffusant particles located respectively at the top of the potential 
barrier and at the midpoint of the interstice; g is the number of paths 
leading out of a given interstice. 

By means of the relation 


P' 

y = exp ( -AF/RT) 


(6.13) 


where A F is the increase in free energy in moving a mol of particles into 
the barrier plane, Eq. (6.11) becomes 



Since D has the same temperature coefficient as v (Eq. 6.4), it is clear 
that Eq. (6.14) predicts that a plot of In D against l/T will enable AH to 
be calculated. 

Zener 9 has shown that AS in Eq. (6.14) is positive in most diffu¬ 
sions* and has given a method whereby AS can in fact be eliminated from 


consideration. He approximates AS by AS 


d(A F)/dT, where A F is 


the maximum work of straining the lattice in attaining the activated state. 
Since A F, when it has this origin, always decreases with an increase in T, 
AS should be positive. This prediction is in general borne out by experi¬ 
ment. 


9 , 11 


Zener 9 has obtained a quantitative estimate of AS by noting that 



stitialcy” diffusion in which a normal atom is displaced into an interstitial position by 
the diffusing atom (See Ref. lh). 

* Dienes 10 has shown that small negative values of AS may sometimes be observed. 
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where A Fo is the work of diffusion at absolute zero, G is an appropriate 
shear modulus, and Go is the latter extrapolated to absolute zero. Multi¬ 
plying Eq. (6.15) by —AFo and noting that A Fo is essentially equal to 
A//, we obtain 


d 


AS 


AH 


G 

G 


0 


(6.16) 


dT 


Substitution of Eq. (6.16) into Eq. (6.14) and the result into Eq. (6.4), 
and writing = (AH/2mf) m , we finally obtain 


D 


a 0 (AH\ 2 

2ld exp 


AH d(G/G 0 )\ -AH 

exp 


R 


dT 


RT 


(6.17) 


in which we have introduced the lattice constant a 0 and the substitution 
g = 4 for the diamond lattice. 

Comparing Eq. (6.17) with the general diffusion expression 


D 


Do exp — AH/RT, 


(6.18) 


it is evident that 


D 


0 


0 ° / All \ 

2 \6 m ) 


exp 


A1I d(G/Go) 


R 


dT 


(6.19) 


Eqs. (6.18) and (6.19) therefore allow the calculation of D at all tempera¬ 
tures from a determination at one temperature providing the elastic con¬ 
stants of the host crystal are known. 

Up to this point we have been concerned with the diffusion of inter¬ 
stitials in which lattice imperfections do not play a part. In the vacancy 
mechanism, on the other hand, the frequency of jumping is reduced by 
the chance that a given diffusant particle is next to a vacancy. This chance 
can be expressed as 


N 


N 


exp 


A F 


R r I 



( 6 . 20 ) 


where Ny is the equilibrium concentration of vacancies, N l is the con¬ 
centration of lattice sites, and A F v is the increase in free energy upon 
adding a mole of vacancies to an infinite lattice. Eq. (6.20), with the intro¬ 
duction of A H v and A S v , leads with Eq. (6.14) to the expression 


AS + ASk 

Qvo exp \ --- ) exp 


/AH + A II 
\ RT 



( 6 . 21 ) 


for the jump frequency. 

If the mechanism of diffusion requires that a small fraction of particles 
are interstitial and that diffusion occurs through the agency of these, the 
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expression for the jump frequency remains the same as Eq. (6.21) except 
that AHv and A S v are replaced by AH, and A S T , where the latter quanti¬ 
ties are now associated with the production of the interstitial particles. 

MEASUREMENT OF DIFFUSION IN SEMICONDUCTORS 

The standard techniques involving radioisotopes have been successfully 

applied to semiconductors. These, however, are often not as convenient 

as electrical methods. Although some discussion of these latter methods 

has been given, 13,14 it seems appropriate to include here a summary of the 

ones most generally applied. The methods described obviously work only 
for electrically active diffusants. 

Total Conductance Methods 

When it is desired to know only the diffusion coefficient D, it is often 
possible to secure approximate values by the method of fractional satura¬ 
tion of a slab or cylinder of semiconductor crystal in an analogous manner 
to that used for other materials. 10 Figure 6.1 illustrates this method for a 
thin slab of rectangular cross section. A small current, I is passed through 
the partially diffused slab and the potential difference, V is measured be¬ 
tween two tungsten points, a distance L cm apart, which contact one of 
the large area faces of the slab. Under the assumptions that the thickness 
d is small compared to the width, that the carrier mobility is constant, and 

that the dimensions of the slab do not change during the experiment, the 
following equation applies, 





( 6 . 22 ) 


where / is the fractional saturation in time t, 2 0 , 2, and 2 X are the con¬ 
ductances of the slab at time 0, t, and at complete saturation, and d is the 



Figure 6.1. “Two-point probe” arrangement for measuring total conductance of 
semiconductor specimens. Current, I, is passed through specimen and potential 
difference, V, is measured between points spaced a fixed distance L apart. 
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slab thickness in cm. The conductances are simply given by the ratios of 

I in amperes to the measured V in volts. 

The experiments are performed by exposing the slab to a diffusion species 
at a constant temperature for known times, and measuring the conduct¬ 
ances at room temperature before and after.* The method is limited to 
those diffusants which can saturate the slab in reasonable time, namely 
fairly rapidly diffusing impurities. The constant mobility requirement also 
restricts the method to diffusants of low solubility. The method can be 
used for outward as well as inward diffusion. The diffusant concentration 
at the surface is best maintained at zero in outward diffusion; / is then 
the fraction of diffusant removed in time 

When the surface concentration! N / is known, a somewhat simpler 
procedure is possible. Choosing again a slab (Figure 6.1) but restricting 
the diffusion times so that the slab thickness, d, is large compared to the 
diffusion depth, and requiring as before a constant surface concentration, 
the methods described on p. 224 give the solution 

Nj = N / erfc ( 6 - 23 ) 

where Nj is the diffusant concentration at distance x from the slab surface' 
In Eq. (6.23), erfc is written for (1 — error integral). When Eq. (6.23) is 
integrated for both faces of the slab, the result is 

N/ = 2.26W/ Vm (6.24) 

where N/ is the integrated amount of diffusant per square cm counting 
both surfaces. The conductance of a slab assuming constant carrier mobil¬ 
ity, n, is then 

2 = I = 2.267V/ y/Wt ^ (6.25) 

E L 

where q is the electronic charge, W is the width and L is the distance be¬ 
tween the probes in cm.§ 

* The original material is usually doped with impurities conferring the same con¬ 
ductivity type as the diffusant in order to avoid junction formation. This may also 
be achieved by always having present an excess of the doping agent, if the diffusant 
is of opposite type. However, in this case the conductance of the nondiffused portions 
of the slab must be small if high accuracy is to be achieved. 14 

f In all methods based upon total conductance measurements it is necessary to 
avoid injury to the specimen surfaces. For this reason outward diffusion methods are 
often preferable. 

J As used here “surface concentration” refers to the number of atoms of diffusant 
per cm 3 in an infinitely thin layer in the solid infinitely close to the surface. 

§ Eq. (6.25) assumes that all the conductance is due to the surface layers. If the 
conductance of the body is a significant part of the total conductance, a term <r b Wd/L, 
where <Tb is the body conductivity, must be added. 
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The assumption of constant mobility made above is by no means exact 
because /z depends on N y and the latter depends in turn on x and t. When 
the dependence of /z on Nj is known, a correction factor 14 can be introduced 
into Eq. (6.25). Calculations show that this factor may introduce an adjust¬ 
ment of 50 per cent in extreme cases. If the correction] factor is ignored 
it is best to choose the value of n corresponding to Nf. 

In Eqs. (6.22) and (6.25), plots of / or of 2 respectively against y/t 
furnish slopes which allow the calculation of D. 

Sheet Conductance 

In this method a slab-shaped specimen is also used, but whereas in the 
previous section p-n junctions are avoided, here they are deliberately used. 
The method is therefore useful for diffusion of donors into p-type, or of 
acceptors into n-type semiconductors. The p-n junction acts as an insulat¬ 
ing plane parallel to the specimen surface and so demarcates a sheet in 
the diffused solid. The thickness of this sheet increases with the depth of 
the p-n junction below the specimen surface. 

When the shape of the penetration curve is unknown, an incremental 
lapping procedure 10 is often useful. Plane parallel specimens are necessary 
lor this method, which depends on the successive measurement of sheet 
conductivity as known thicknesses are removed by lapping parallel to the 
original specimen surface. 

The electrical measurements are made by means of four equally-spaced 
probes contacted to the specimen face which has been diffused for a definite 
time at a given temperature. Figure 6.2 shows the arrangement used. A 

i 

/- 1 -s 

V 


/ \ 

12 3 4 



Figure 6.2. “Four-point probe” arrangement 15 for measuring surface or sheet 
conductivity of layers of opposite conductivity type to the base material. Current 
is passed through the layer by means of probes 1 and 4. Potential difference is meas¬ 
ured between points 2 and 3. The points are equally spaced (0.125 cm). See text for 
meanings of other symbols. 
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current I is passed through probes 1 and 4. Measurements of the potential 
difference V are made between probes 2 and 3 , first on the original surfaces 
indicated by the dashed line, and then on successive surfaces obtained by 
lapping increments of thickness, At, thin compared to the sheet thickness, 
W. The slab size should be such that no edge is closer than the probe spac¬ 
ing to any of the four probes and the p-n junction depth should not be 
greater than one-half the probe spacing. 

The following formula can be derived 10 for Nd(1), the average concentra¬ 
tion of a donor diffusant in the layer A l, 

SM * N ‘ + udrn (r, - r) ■ (0 ' 26) 

in which N A ° is the uniform background concentration of acceptor, ju(l) 
is the carrier mobility in Al, and the subscripts 1 and 2 refer to quantities 
measured before and after the lapping.* Eq. (6.26) actually provides only 
an approximate measure of the penetration curve because of the necessity 
of adopting a tentative function N D (x) in order to deduce n(l). In addition 
a knowledge of the variation of p(l) with N is required. Empirical curves 
giving both electron and hole mobilities as a function of impurity content 
may be found in the literature. 17 

Backenstoss 18 has calculated the surface concentrations from the sheet 
conductivities and p-n junction depths for linear, exponential, and error 
function distributions of the diffusant. If, therefore, the nature of the pene¬ 
tration curve and the p-n junction depth are known, a measurement of 
the surface conductivity by means of the 4-point method will serve to 
determine the diffusion constant, Z), in a material with a known original 
doping. 

p-n Junction Methods 19 

When Nf is known, a measurement of the p-n junction depth, b (Figure 
6.2) serves to determine D for the case of constant surface concentration 
and an error function distribution. If an acceptor (donor) element is dif¬ 
fused, a measurement of the original doping donor (or acceptor) concen¬ 
tration must be made as well as the p-n junction depth. If N D ° is this origi¬ 
nal concentration then since at the p-n junction N D ° = N A for a diffusing 
acceptor, D is obtainable from the relation 

N D ° = N a s erfc (b/2VM (6.27) 

where N A s is the surface concentration of the acceptor being diffused, and 
b is the p-n junction depth. 

In general N A s is not known. However, if two suitably doped specimens 

* The factor 4.5 arises from the four-point geometry and the assumption of an 
infinite sheet thin compared to the point spacing. 16 
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of different original doping concentrations are diffused simultaneously under 
identical conditions and the depths of the junctions measured in each D 
may be calculated from the ratios of two equations of the type of ho. 

(6.27), namely 

iC/NV-erfc(^)/ e rfc(^g) < 6ai 

where the primed quantities refer to the second specimen. The ratio 
Nd/N'd is given by the ratio ap'/a'n where a and m refer to the con¬ 
ductivities and electron mobilities for the original specimens. Eq. (6.2S 
is easily solved by trial. A similar treatment holds for a diffusing donor. 

Unless accurate measurements of the junction distances are made and 
their difference is sufficiently large, the two-specimen method, although 
very convenient, is not very precise. An alternative is provided by the use 
of a limited but known quantity of diffusant which is deposited on the 
surface and all diffused in at the start of the diffusion.^ Such diffusion 

leads to the exponential relationship 

Nd = QiirDtr 112 exp ( 6 - 29) 

where Q is the number of atoms per cm 2 of the diffusant, and the other 
symbols have the same meaning as before. In this method it is usually 
necessary to restrict the quantity of diffusant to about 10 micrograms or 
less in order to justify use of the exponential dependence. It must also be 
accurately determined and not lost by evaporation during the early stages 

of the experiment. 

When the surface concentration is 3 to 5 orders of magnitude greater 
than the concentration at the p-n junction, the simple expression 

D b 2 /m (6-30) 

gives approximations of D to within ±10 per cent without definite knowl- 
edge of the surface concentration. 


Capacitance Method 

This method 20 is based upon the change in capacity C, of a p-n j unction 

with changing applied reverse bias, V. A plot of 1/C against 

linear when (N D - Na) is linear with distance in the neighborhood of the 

junction. It can be shown that the slope of this line is 



(6.31' 


where k is the dielectric constant and a is a proportionality constant. Thus 
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measurements of the junction capacity as a function of V provides a meas- 

urement of a. . , 

To apply the method, a crystal is grown containing, for example, a 

uniform concentration of acceptor, N A °■ At a given point (x = 0) during 
growth a donor is added in excess of N A so that a p-n junction is formed. 
Such a crystal is assumed to have a step concentration dependence of the 
donor at the junction, i.e., N D = N D ° at x < 0. After heating so that dif¬ 
fusion of the donor occurs thus smoothing out the step function, the capac¬ 
ity is measured as a function of reverse voltage as described, and a is deter¬ 
mined. Now, it can be shown that a is also given by 


2\/ 7 rDt 


(6.32) 


where N D ° is the donor concentration on the n-side ( x < 0) of the junction 
before diffusion. D, the diffusion constant of the donor, is therefore easily 


calculated. Na and Nd 


A^ 4 ° are determined by conductivity measure¬ 


ments made on the p- and n-type regions before diffusion. 

The capacitance measurement of D has limitations, and results obtaine 

by means of it have not always agreed with those of other methods. Bosen- 
berg 21 has questioned some of the basic assumptions, and Hassion and 
Russo 22 have attributed the discrepancies to impurity concentration fiuctu- 

ations in the neighborhood ol the junction. 

Other Electrical Methods 

In special cases, other kinds of electrical measurements can be employed 
to determine diffusion. One such method is to measure the drift mobility 
of a diffusant ion in an electric field. This method is discussed in the next 
section. Another is based on ion-pairing reaction of a diffusant ion. l he 
basis of this method is the measurement of the rate at which a diffusable 
ion undergoes pairing with a nondiffusable ion of opposite sign. This reac¬ 
tion has already been discussed in Chapter 5, where the following approxi- 

mate equation (Eq. 5.28) is given, 


r « 


KkT 

4:rq 2 ND * 


(6.33) 


In Eq. (6.33),* r is the relaxation time for pairing, N is the concentration 
of the mobile ion, and D is its diffusion constant in the absence of fixed 

ions. 

* Eq. (6.33) assumes that the fixed and mobile ions are present in the same 
concentrations. q A and q B are the ion charges and * is the dielectric constant. In t e 
present treatment q A and q B are taken equal to the electronic charge, i.e., A and B are 

singly-charged ions. 
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As mentioned in Chapter 5, r is easily determined by means of electrical 
conductivity measurements (Eq. 5.29). From r, D the diffusion constant 
of the mobile ion in the undoped semiconductor is therefore obtainable 
from Eq. (6.33). Measurements of this kind have been carried out for L: 
in Si and Ce at temperatures as low as 195°K. 

DIFFUSION STUDIES IN GERMANIUM AND SILICON 

Diffusion of Hydrogen and Helium in Ge and Si 

Because neither hydrogen nor helium is electrically active in Ge or Si. 
the methods described in the previous section are not applicable to them. 
The diffusion of these gases has, however, been investigated by means of 
the mass spectrograph. 24 This has been done by the measurement of the 
rate of permeation of the gases at various temperatures. By varying the 
pressure or temperature suddenly, non-steady-state permeation experi¬ 
ments can be performed. These enable both the solubilities and the diffu¬ 
sion constants, as well as their heats of solution and activation energies to 

be determined. 

The diffusion constants are easily derived from the permeation, F , which 
is the total rate of flow of particles through a cylindrical diffusion cell, 
either outward or inward, by the relation 


F 


A • D(dc/dr) r=a 


(6.34) 


where the concentration gradient is evaluated at the wall of the cylinder 
of radius, r at which the gas is leaving. A is the area in cm 2 . 

Once D is known, the solubility, S (at unit gas pressure), can be deter¬ 
mined from steady-state permeation measurements, taking into account 
that dissociation occurs in the case of hydrogen. Permeability, P, isdefined ld 

by 

P = DS (6.35) 

and is therefore determined as soon as D and S are known. Its activation 


Table 6.1 


Semiconductor, 

Diffusant 

D(cm 2 sec -1 ) 

S (atm 1 cm 3 ) 

7 (cm 1 sec 1 atm *) 

Silicon, hydro¬ 

9.4 X 10 -3 exp (-imO/RT) 

2.4 X 102i e X p (-43000/727) 

2.3 X 10i9 exp (-54000/727) 

gen 

Silicon, helium 

0.11 exp (-29000/RT) 

6.5 X 10> 4 exp (—11000/727) 

2.1 X 10i3 exp (—40000/727) 

Germanium, 

— 

—• 

2.3 X IO 1 9 exp (—47000/727’) 

hydrogen* 

Germanium, 

6.1 X 10 -3 exp (-16000/727) 

1.4 X 10 15 exp (—13000/727) 

8.5 X 10*2 exp (—29000/727) 

helium 





* The non-steady-state could not be held long enough to permit separate determinations of D and S. 
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energy is the sum of the activation energy for diffusion and the heat of 
solution of the diffusant from the gas phase. The results of van Wieringen 

and Warmoltz 24 are collected in Table 6.1. 

Some comments on the results in Table 6.1 in the light of the discussion 
of the Wert-Zener theory on p. 227 are of interest. Evidence that hydrogen 
diffuses as an atom rather than a molecule is found in the fact that the 
solubility of hydrogen in Ge and Si is proportional to the square root of 
the hydrogen gas pressure. Eq. (6.19) expressing the pre-exponential factor 
in terms of the Wert-Zener theory can be written 



25 /aH d \ 112 f A H d dGl 
“ 3 \ 2 m) GXP L RGo dT J 



in which 8, the distance between interstices is (\/3ao/4), m is the atom 
mass, and Go is the appropriate shear modulus of the crystal. All of the 
quantities necessary to compute Do are known from table 6.1 and from 
published values for the elastic constants of Ge and Si. the results of this 
calculation are given in Table 6.2 below: 


Table 6.2 

Do (calculated) Do (measured) 

cm 2 sec -1 cm sec 

HinSi 4.1 X 10~ 3 9.4 X 10“ 3 

He in Si 0.26 X lO" 1 1.1 X 10" 1 

HeinGe 4.7 X 10' 3 6.1 X 10 3 


It is evident that the agreement with theory is very good, thus supporting 
not only the concepts employed in the theory, but also the fact that hy¬ 
drogen diffuses as an atom in Ge and Si. 


Diffusion of Lithium in Ge and Si 


The diffusion of lithium in germanium and silicon is quite remarkable.* 
For example, Li diffuses approximately twice as rapidly in Ge and Si as 
does He at 840 and 1180°C, respectively. In silicon hydrogen appears 
to diffuse more rapidly than Li.“ 4 Li dissolves interstitially in both Ge and 
Si and is ionized as a donor at room temperature, each atom donating 
one electron to the conduction band. The diffusing particle is there!ore a 


singly-charged interstitial ion. 

The diffusion of lithium was first studied in Ge by means of the p-n 
junction method. 2 ' Figure 6.3 shows the results as a plot of log D versus 
1 T. The open circles which appear on this plot were obtained by a drift 

method 28 which will now be described. 


* Lithium appears to have similar striking properties in the Group III-V semicon¬ 
ductors as well. For the solubility of Li in Ge and Si, see Chapter 5, pp. 199-206, and 

Chapter 5, Ref. 70. 
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temperature in degrees centigrade 



it 

Figure 6.3. Plot of D for lithium in Ge and Si as a function of l/T as determined 
from the measurement of ion drift in an electric field (open circles and triangles), 
after Fuller and Severiens. 28 Results of measurements by the p-n junction method 
are also shown (filled circles and vertical bars). 


The drift method is a technique which can only be applied in insulators 
and semiconductors, for it involves the maintenance of an electric field 
within the crystal, a condition that cannot be achieved in a metal. It is 
based on the measurement of the mobility, M, of an ion from which, in 
turn, D can be computed by use of the Einstein relation. 29 The following is 

a description of the procedure employed: 

A small cube of lithium is placed on the broad face of a bar of Ge or Si. 

The bar is then heated at about 800°C for 30 seconds in a helium atmos¬ 
phere. During this period the lithium becomes alloyed with the semicon¬ 
ductor and from this alloy (which approximates a point source) lithium 
diffuses into the semiconductor to form a hemispherical n-type region (see 
Figure 6.4). The p-n junction boundary is then hemispherical. The crystal 
surface is now lapped and etched until it is acceptably smooth. The etching 
process removes the lithium-rich alloy entirely, leaving a small pit. The 
intersection of the p-n junction with the surface of the specimen is a circle 
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ORIGINAL 


LI PULSE AFTER 



Figure 6.4. Sketch showing lateral cross section of a p-type bar of Ge or Si before 

and after drift of Li pulse after Fuller and Severiens. 28 Small semicircle represents 

>riginal ion pulse. Larger semicircle shows pulse after migration for a time t in a 

held, 8, over a distance, x. The expansion of the circle shows the effect of diffusion 
during the drift of the pulse. 





Figure 6.5. Photograph of Ge bars showing original pulses (small circles) and 
drifted pulses (large circles) after Fuller and Severiens. 28 (A) shows original pulse 
within the drifted one. (B) shows the drifted pulses partially separated. In each case 
the negative electrode is to the left. The pulses were made visible by deposition of 
barium titanate on the p-n boundaries. 

with the pit as a center. This circle can be revealed by the deposition of 

barium titanate under reverse voltage. 30 Figure 6.5 is a photograph of two 

>uch barium titanate patterns. A longitudinal electric field is then applied 

at a given temperature for a given time. The field strength is measured 

potentiometrically by fixed probes held in contact with the surface of the 
specimen during drift. 

After the field has been applied for a given period of time, the new loca¬ 
tion of the circular (or elliptical) p-n junction is marked by barium titanate 
deposition (see figures 6.4 and 6.5). The distance, x, between the center 
of the new junction contour and the pit mentioned above measures the 
drift of lithium ions in the field. Knowing the time, t, of drift and the 
field strength, 8, one can compute the mobility, M, from the formula 


M 


x 


Zqgt 


(6.37) 


where as before Zq is the charge on the ion. The Einstein relation, D = 
MkT/Zq can then be used to compute D. 

the data obtained by fuller and Severiens 28 (Figure 6.3) agree quite well 
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Table 6.3 

Lithium in Germanium 
Do (experimental) = 2.5 X 10~ 3 cm 2 sec -1 
Do (calculated) = 5.6 X 10~ 3 cm 2 sec -1 
Lithium in Silicon 

D 0 (experimental) = 2.3 X 10~ 3 cm 2 sec -1 
Do (calculated) = 7.2 X 10' 3 cm 2 sec -1 

with the earlier data (also shown on Figure 6.3) of Fuller and Ditzenberger" 
obtained by use of the p-n junction method. In applying (6.37), the lithium 
ions were assumed to be singly-charged. The direction of drift is such that 
the ions must be charged positively. This of course is in accord with the 
fact that lithium is a donor. 

The data of Figure 6.3 have been extended to very low temperatures, 23 
e.g., as low as 195°K, by the ion pair relaxation method already referred 

X 6 2 

to on p. 233. In the case of silicon, values of D as low as 1(T ’ cm /sec have 
been measured. These low temperature measurements agree very well with 
the straight lines of Figure 6.3. 

It is of interest to compare the D 0 factors given by Fuller and Severiens 

13 # ^ 

with the Wert-Zener theory. This has been done by Hobstetter ' using Eq. 
(6.19). His results are shown in Table 6.3. Agreement between theory and 
experiment is again very good, despite the fact that here the work of activa¬ 
tion involves polarization as well as elastic dilation because lithium is pres¬ 
ent as an ion. The Wert-Zener theory assumes that only dilation is 
involved. However, since the temperature coefficient of polarization is 
small, the existence of polarization work should not disturb the theoretical 
calculation of D 0 . Thus Eq. (6.16) remains approximately valid. 

The empirical formulas for the diffusion coefficients of lithium in ger- 

• 28 

manium and silicon are given by Fuller and Severiens as 

D (germanium) = 2.5 X 10 3 exp — 11800/7^7’cm 2 /sec (6.38 
D (silicon) = 2.3 X 1(T 3 exp —15200/72 T cm 2 /sec. (6.39 

Diffusion of Copper in Ge and Si 

Early work by Dunwald and Wagner 31 indicated that copper diffused 
rapidly in Cu 2 0. However, no work on the diffusion of copper into single 
crystals of semiconductors was carried out until 1952 when Fuller and 
Struthers 32 showed that rapid volume diffusion of Cu 64 occurred. This work 
grew out of earlier studies 33 on the cause of “thermal conversion” in Ge. 
In a later work, 34 the diffusion of Cu 64 was compared with the results from 
electrical measurements and while general agreement was achieved, results 
above 650°C suggested that the diffusion coefficient was subject to some 
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structural property of the Ge crystals. Still later work 35 showed that the 
rate of diffusion of copper was much greater in Ge crystals possessing a 
high dislocation density than in more nearly perfect crystals. The p-n 
junction method in fact shows this difference in a particularly vivid manner 
(Figure 6.6). 

The interpretation of the earlier results was that copper diffuses as an 
interstitial ion. 34 Drift measurements in fact show that copper moves as 
a positive ion in both Ge and Si. 28,36 The difficulty of making precise drift 
measurements, however, has made it impossible to fix the charge as single 
or double. On the other hand, copper is a known acceptor in Ge with energy 
levels at 0.04, 0.26, and 0.33 ev above the valence band. 37 Many of these 
facts were explained by van der Maesen and Brenkman 38 who proposed 
that an interstitial-substitutional equilibrium existed during copper diffu¬ 
sion.* They neglected, however, to include vacancies in these equilibria. 
Frank and Turnbull, 39 therefore, proposed a more complete theory. 

These investigators suggested that the observed value of the diffusion 
constant for copper in Ge, which is about 3 X 10 5 cm 2 /sec and almost 
independent of temperature f over the range from 700 to 900° C, was the 
consequence of a rapid interstitial diffusion of the order of 10 3 cm 2 /sec 
with a superimposed interstitial-substitutional equilibrium. They termed 
this process “dissociative diffusion” to emphasize this aspect. They also 
assumed that the local equilibrium is instantaneous. 

If Nr is the concentration of interstitial, and N s the concentration of 
substitutional copper, the mass action law gives 

Ns/NiNv = K (6.40) 

where N v is the vacancy concentration, and K is the equilibrium constant. 

When the temperature is sufficiently high and diffusion is into a crystal 
containing a large number of dislocations, we may assume that vacancy 
equilibrium is maintained during diffusion, and Eq. (6.40) becomes 

N s = KNjNv = PNi (6.41) 

where Nv is the equilibrium number of vacancies for the temperature 
employed and = KN /. If only interstitial copper can diffuse, the flux is 

/ = (0.42) 

d.X 

where D r is the interstitial diffusion coefficient. However, the effective 
diffusion coefficient, D e , is given by the ratio of this total flux to the total 

* The same theory was applied to Ni which also diffuses rapidly in Ge. 38 

t The small dependence of D on T suggests that copper may diffuse primarily as 

Cu ++ . 
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gradient of copper, 


D 


f 


Wr + N s ) 


(6.43) 


dx 


Dr 


DjN i 


1 + 0 Nr + N 


s 


(6.44) 


4 X 10 


It is evident from Eq. (6.44) that if Nr is small compared to N s , D e will 

be a small fraction of D, . Thus, a ratio of 1/100 for N z /N a gives a D e 

6 cm 2 /sec which is close to that observed in ordinary crystals. 

On the other hand, if the crystals have a high degree of perfection, 

^ y ^ N v ■ However, because of their rapid diffusion, interstitials, quickly 

attain equilibrium, i.e., N, = Nr°. Eq. (6.40) under these assumptions 
becomes 


N a /N 


KNr 


7 


(6.45) 


which defines y. 

Since vacancies diffuse much more rapidly in Ge than do substitutional 
copper atoms, 40 we may write the following continuity equations, 


dNy _ 

dfv 

dN s 

(6.46) 

dt 

dx 

dt 

dN i _ 

dfr 

dN s 

(6.47) 

dt 

- v 

dx 

dt 


where/V and fr are the fluxes of vacancies and interstitials, respectively, 

and x and t are the distance and time coordinates, respectively. For the 
assumed equilibrium, Nr = N / = 


constant, and Eq. (6.47) becomes 


dfr 

dx 


dN 


S 


dt 


(6.48) 


Eqs. (6.45) and (6.46) yield with Eq. (6.48) 


1+7 dfr df 


7 


dx 


dx 


(6.49) 


which, integrated, is 


But, / 


D v (dN v/dx) 




7 


1 + 7 


fv • 


(6.50) 


D v /y(dNs/dx), so that Eq. (6.50) yields 


L 


D v 


1 + 7 


dN s/dx. 


(6.51) 
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As in the previous case, the observed diffusion coefficient must be given 

by 






/d(N t + Ns) 

/ dx 




Therefore, with Eq. (6.51) 



D V N V 

Ns + Ny 



(6.53) 


Not only is D v in Eq. (6.53) less than Dj in (6.44) over the temperature 
range, but N V /(N S + N v ) is less than AT/(AT + AT)- Consequently, the 
diffusion in the more nearly perfect crystals should be slower, and this is 
observed experimentally. Recent experiments 30 in which the diffusion of 
Cu 64 has been investigated in crystals having different dislocation densities 
have confirmed the above concepts. 

The diffusion of copper in silicon has not been studied in great detail 
because of rapid precipitation of copper upon cooling diffusion specimens. 
Copper is reported to have an acceptor and a donor level in the forbidden 
gap. 41 Radio-tracer techniques 42 at 900°C have given a value of D 5 X 
1(T 0 cm 2 /sec, which is of the same order as in germanium. It is believed 
that the mechanism of diffusion is similar to the one described above. This 

# • 43 

view is supported by the observations of Dash ' who studied the formation 
of copper precipitates at dislocations in silicon (see p. 258). Copper migra¬ 
tion for the precipitate growth is no doubt interstitial, but silicon atoms 
must also be removed to make space for the precipitate. The necessary 
vacancy supply is available close to dislocations where the precipitation 
is actually observed.* 


Diffusion of Group III and Group V Elements in Ge and Si 

In this section we consider the diffusion of impurities in Ge and Si which 
very likely diffuse by a vacancy mechanism. 10 ’ lh Because of their impor¬ 
tance in semiconductor devices, the Group III and Group V elements of 
the periodic table were among the first diffusants to be studied. A number 
of investigators have participated in this work, and since a variety of 
methods have been employed, agreement on the results is not always ob¬ 
tained. Also, because of the very high degree of purity needed for precise 
results when electrical methods are used, some of the published values may 
still need revision. Table 6.4 represents what are believed to be the best 

* As mentioned later, Dash also observed precipitation on nuclei not at disloca¬ 
tions. 
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selection of the values of D 0 and AH for these elements in Ge and Si so far 
available. 

As Table 6.4 indicates, except for boron the elements investigated have 
activation energies of about 55 kcal per mole. This value is somewhat lower 
than the value for self-diffusion in Ge of 68.5 kcal. 44 This is in line with 
similar observations in metals. 45,11 It is also noteworthy that the donor 
elements (Group V) show higher diffusion coefficients than do the acceptor 
elements (Group III). Several attempts have been made to account for 
this fact. A recent suggestion 46 is that since Ge vacancies behave as accep¬ 
tors, 47 they should show a higher probability of association with donor 
than with acceptor diffusants. This explanation assumes that diffusion is 
by a vacancy mechanism, for which there is indeed independent evidence 
in the work of Valenta and Ramasastry. 48 These investigators determined 
the self-diffusion of Ge in highly doped crystals of both conductivity types. 
The fundamental idea for this study was suggested by Longini and Greene 49 
as an extension of related work of Reiss and Fuller. 50 

If Ge is heavily doped with a donor element such as arsenic and vacan¬ 
cies are present, the following equilibria will be established. 

7 <=± R- + 

+ 

As <=± As + + e~ (6.54) 

IT 

e + e~ 

where 7 stands for a vacancy and e + e~ represents a recombined hole-elec¬ 
tron pair. It is obvious from the equilibria (6.54) that if enough As is added, 
the vertical equilibrium will be forced downward in favor of e + e ~, thus 
consuming holes. This will shift the vacancy ionization equilibrium to the 
right, thus increasing N v - . Since N v remains constant at a given tempera¬ 
ture, this increase in N v - represents a real increase in the total concentra¬ 
tion of vacancies. 

By the same argument, the addition of an acceptor like gallium, instead 
of a donor, decreases the concentration of vacancies. However, neither donor 
nor acceptors will exercise a profound influence on the vacancy concentra¬ 
tion unless their concentration exceeds the intrinsic concentration, m of 
electrons or holes. Since the self-diffusion measurements must be conducted 
at high temperature, this means that very heavily doped crystals must be 
used. The results 48 although not precise enough to satisfy quantitative 
predictions, are in qualitative agreement. The Ge self-diffusion is increased 
in the arsenic-doped and decreased in the gallium-doped crystals. This 
work therefore strongly supports a vacancy mechanism. 


Table 6.4. Diffusion of Impurity Elements in Germanium and Silicon 
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Contrary to the results in Ge, the diffusion of acceptors in Si is more 
rapid than that of donors (Table 0.4). No universally accepted explanation 
of this difference has yet been given. One might be led to postulate that 
vacancies in Si may behave as donors rather than acceptors. Although 
other evidence indicates that this may be the case, no conclusive proof of 
the nature of the charge on silicon vacancies has so far been obtained. 

A • j 

According to Swalin the coulomb interaction between charged vacancies 
and the diffusing ions may be the dominating factor in Ge. It is assumed 
that this factor is outweighed in Si by the size difference (strain) factor. 
Swalin assumes the vacancies in both Ge and Si are negatively charged.* 

The diffusion results in Si indicate activation energies of about 80 to 100 
kcal for most of the elements (Table 6.4) and would suggest an activation 
energy for self-diffusion of about 100 kcal. The results for Bi indicate a 
much higher activation energy for this element. However, no very precise 
determination has been made because of the very low diffusion coefficient. 
Although no results in heavily-doped Si have been reported as yet, it seems 
reasonable to expect that effects similar to those found in Ge may be ob¬ 
served. If, however, the vacancies in Si are ionized as donors, as suggested 
above, the effects may be the reverse of those found in Ge. 

Diffusion of Other Elements 

In this section we shall take up briefly results which do not properly fit 
into the previous three sections. Among the diffusants of interest are Ni, 
Ag, Fe, Co, Mn, Au, Zn. Ni behaves like Cu in Ge. 38,51 Ag has a very low 
solubility in Ge, and little is known about its diffusion properties. 02 Results 
on the diffusion of Fe have been reported by Struthers. 42 Although electri¬ 
cal results have been reported for Co and Mn, 53 ’ 54 little or nothing is known 
about their diffusion in Ge and Si. The diffusion of Au in Ge has been studied 
by Pfann and Struthers 00 and by Dunlap. 06 The latter’s results would indi¬ 
cate that Au behaves in Ge like the Group III and Group V elements. In 
Si, however, Au behaves quite differently, the diffusion constant 42 following 
the equation, D Au = 0.0011 exp ( — 25,800/12 T). A high diffusion coefficient 
suggesting interstitial diffusion was also suggested by earlier work. 57 The 
behavior of Zn in Si is in many ways similar. Thus Zn diffuses very slowly 
in Ge, 58 but rapidly in Si.° 9 The examples of Au and Zn suggest that the 
precise state of the diffusant is of utmost importance in determining the 
diffusion mechanism. However, much more must be learned about the 
states of ionization of both the diffusant atoms and the vacancies before 
atom movements such as these can be satisfactorily explained. 

A great many other elements including most of the alkali metals (except 

* Smits has discussed the possible effects of drift caused by electrical fields pro¬ 
duced by the diffusing ions (See Ref. lm and p. 248). 
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Li), alkaline earth and many rare earth elements do not appear to diffuse 
rapidly in Ge and Si, or if they do, they do not confer electronic levels near 
the band edges, because no significant changes in electrical properties are 
produced by their diffusion. The same is true of the elements of Group VI 
with the exception of oxygen which is discussed in a later section. 


Surface Effects 

Ihe effect of the precise nature of the reactions occurring at the surface 
boundary during diffusion has been the subject of many investigations. 60 
frequently there is a restriction at the surface which must be taken into 
account in setting up the boundary conditions for the solution of the diffu¬ 
sion equation (see p. 224). This is particularly true for diffusion from the 

gaseous state or from sources which undergo a chemical reaction at the 
surface. 

A number of investigations 59, 61-63 made recently on crystals of Ge and 

Si show the importance of surface effects in semiconductors. When gaseous 

impurities are diffused at low pressure out of a solid solution, the rate of 

evaporation of diffusant per cm 2 of surface may be dependent on the surface 

concentration N(0,t). Smits and Miller 61 show that under these conditions 
the following relation holds, 



kLN(0,t) 
L + Akkg 




(6.55) 


where k is a rate constant, k g is the equilibrium distribution constant, A 
is surface area, and L is the pumping velocity. A determination of the 
penetration curve for a given time and temperature suffices to determine 
both the diffusion coefficient, D and k f in Eq. (6.55). Furthermore, by vary¬ 
ing the pumping speed and measuring k', it is possible to determine both 
of the constants, k' and k g . In this way Miller and Smits 62 find that the 
energy limiting the outward diffusion of Sb from Ge is 50.6 kcal, and the 
heat of solution of Sb vapor in solid Ge is —27.6 kcal. The latter reduced by 
Y 2 kT, gives the binding energy (23 kcal) of an Sb atom in the Ge lattice at 
the temperature under consideration (800 to 900°C). Essentially this same 
value is arrived at by calculation of the temperature dependence of the 
sticking coefficient. Similar work, 63 with aluminum as a diffusant in Si, 
shows a very much smaller surface activation energy. Figure 6.7 illustrates 


the interrelations of the various quantities, discussed above, relating to Sb 
in Ge. 



vapors ol the (froup III or (froup V elements at low pressures, the silicon 
evaporation rate is comparable to the inward diffusion rates of these ele¬ 
ments. Evaporation causes the Si surface to move with a constant velocity, 
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ENERGY IN ELECTRON VOLTS 



Figure 6.7. Energy relationships at germanium surface and interior governing 
the outward diffusion of antimony from Ge after Miller and Smits. 62 The binding 
energy, E B of an Sb atom in the crystal is obtained as the difference between the 
experimentally determined energy barrier limiting the exit of Sb from the Ge and 
3/2 kT. Ei is the energy barrier which an average Sb atom must surmount to leave 
the crystal. The difference E s = Ei — E B is the barrier on Sb atom of zero kinetic 
energy the gas must surmount to become part of the crystal. 

v in the direction of diffusion. When the surface reaches the point where the 
diffusion rate in the absence of evaporation just equals the Si evaporation 
rate at the same temperature, the penetration curve under the evaporating 
surface will remain constant. If the silicon crystal being diffused contains a 
concentration, N B , of the element, B , of opposite conductivity type to the 
diffusant element, A , a p-n junction will be formed. The steady-state p-n 
junction depth, a is given by 

a = D/v In N a s /Nb (6.56) 

where D is the diffusion constant of the element being diffused, v is the 
velocity of the silicon surface, and N A * is the surface concentration of the 
diffusant. Since the p-n junction layer thickness is dependent on D/v, its 
temperature dependence is determined primarily by the difference between 
the activation energies for element diffusion and Si evaporation. The rate of 
evaporation determined as a function of temperature is shown in Figure 6.8. 
The activation energy for evaporation of Si deduced from this plot is 104 
kcal in excellent agreement with the value of 105 kcal reported by Honig.* 4 

Internal Fields in Macroscopic Diffusion 

It has already been mentioned that “up-hill” diffusion may result either 
from a drift of ions in a macroscopic field, or from the effect of fields of an 
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1000 in °K 


Figure 6.8. Relative evaporation rate of silicon as a function of 1 /T after Miller, 
Smits, and Batdorf. 63 The activation energy for evaporation is 104 kcal. 


entirely local character. One example of the latter is provided by an inter- 

• • i • • • gc 

action of the diffusant with the solvent lattice during diffusion. 0 Another 
example is that of a donor diffusing with its attendant electron under con¬ 
ditions such that the resulting space charge can be minimized. 14 

# 6 # 

One kind of interaction causing “up-hill” diffusion’ is provided by the 

formation of ion pairs (See Chapter 5). Consider a mobile donor ion diffusing 

into a semiconductor containing a non-uniform distribution of essentially 

fixed acceptor ions under conditions such that a certain equilibrium number 

of donor-acceptor pairs form. The latter, too, are then essentially immobile. 

If the gradient of the fixed acceptor, dN A /dx , is not appreciably changed by 

the diffusion, the flux of the donor can be shown to be 



D 

dN D T 

D dN A ~ 

_1 + ttpN A _ 

dx 

L(i + n P N A y dx J 



(6.57) 


where D is the diffusion coefficient of unpaired donor, 0, P is the pairing 
equilibrium constant, and N D r is the total concentration of donor (i.e., 
that free plus that bound in pairs). From the point of view of the diffusion 
of the donor as a whole, Eq. (6.57) with only the first term on the right, has 
the form of a straightforward diffusion equation for the total species with a 
diffusion coefficient of 
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D' = D/( 1 + tt P N A ). 


(6.58 


The second term has the form of a drift component and, expressed in terms 
of the donor mobility, M D , has the form 



By inspection of Eq. (6.59), and recalling that a drift is field times mobility 
times concentration, we can express the equivalent drift field strength, 

as 



kT dN A 

(i + q p n a )* dx ' 


(6.60) 


Eq. (6.60) shows that the field is dependent solely on local quantities. Fur¬ 
thermore, the field vanishes when the acceptor concentration gradient 
vanishes, as it should. Up-hill diffusion will occur when f D is positive, i.e.. 
when the second term on the right of Eq. (6.57) is greater than the first. 

Experiments have been performed 14 in which lithium has been diffused 
out of germanium containing various dopings of gallium, indium, and 
zinc. The method of total conductance was employed. Since the acceptors 
are uniformly distributed, the second term in Eq. (6.57) vanishes, leading 
to Eq. (6.58), where D' is now the apparent diffusion coefficient of lithium. 
Since the assumption that N A » N D is true only near the surface, D' will 
in general be variable. However, since all the lithium must diffuse through 
the surface, it follows that when D'/D is small, the total rate of loss of 
lithium will be small. This is true when , the pairing constant, or N A in 
(6.58), or both, are large, i.e., when a large fraction of donors is paired 
with acceptors. Since 12 P depends markedly on the ionic charge as well as 
on temperature, D'/D is expected to vary with these quantities. 

Figure 6.9 shows some of the results. The straight line gives D vs. 1 /T for 
germanium 28 without added acceptor. The indicated points represent the 
results for the various dopings with acceptors. 14 Not only is the diffusion 
coefficient of lithium reduced by the occurrence of pairing, but the effects o: 
temperature and of the doubly-charged zinc ion are in agreement with pre¬ 
dictions of the theory discussed above. As expected, the doubly-charged 
zinc reduces the observed diffusion rate by a larger factor than do the 

singly-charged acceptors. 

Let us consider next the diffusion of a donor (or acceptor) into a semi¬ 
conductor. The electron accompanying a diffusing donor (or the hole ac¬ 
companying a diffusing acceptor) moves so much more rapidly than the 
diffusing ion that the carrier gets slightly ahead, producing a separation of 
charge. This charge separation produces a field which speeds up the ion and 
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Figure 6.9. Plot of diffusion coefficient of lithium in doped and undoped Ge as a 
function of l/T after Reiss, Fuller, and Morin. 14 Crosses and lines are data of Fuller 
and Severiens 28 (see Figure 6.3), circles are results obtained on Ge containing 6.4 X 
10 17 cm -3 of In, triangles and plus signs are similar results for Ge containing 2.8 X 
10 17 Ga and 2.7 X 10 16 Zn, respectively. 

slows down the carrier. The situation may be looked on crudely as a con¬ 
denser-like arrangement. The field will be most intense when the displace¬ 
ment of the charges is small (but not zero). The equivalent displacement is 
small when the space charge is small, i.e., when the field is most intense. 
As a result, the effective diffusion coefficient will reach its maximum value 
when the “zero” space charge condition holds. 

It can be shown 14, 66 that for an extrinsic semiconductor under the 
“zero” space charge condition,* the flux of a donor, for example, is given 
simply by 



(6.61) 


Eq. (6.61) shows that the effect of the internal field is to double the flux 
over that which would be observed for an uncharged particle. If a uniform 


* As well as some other conditions specified more completely in Ref. 14. 
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distribution of a fixed acceptor is present at a concentration N A , then it 
can be shown that the effective diffusion coefficient D ', which in (6.61) is 
twice D , is given by 



where N D is the local concentration of the diffusing donor. The diffusion 
constant thus becomes concentration dependent and approaches D for 
large N A • This reflects the fact that the local conductivity is so high thai 
local fields cannot be supported. 

Hassion and Russo 22 have treated the case of donors diffusing into p-type 
silicon. They obtained numerical solutions of the diffusion equation with a 
variable diffusion coefficient. Their experimental results, although not com¬ 
plete, support the theory described above. Krusemeyer 67 has examined the 
case of a mobile donor diffusing into a semiconductor containing an immo¬ 
bile donor and obtained solutions for both plane-parallel and cylindrical 
symmetries. 


Diffusion of Oxygen in Si 

68 

Infrared absorption investigations of Kaiser, Keck, and Lange have 
shown that crystals of Si grown by the pulling technique from quartz cru¬ 
cibles contain dissolved oxygen,* Kaiser’s observation 69 that aggregation 
of oxygen occurs upon prolonged heating at 1000°C shows that oxygen is 
able to diffuse appreciably in Si at this temperature. Logan and Peters* 
diffused oxygen into a floating-zone Si both from air and oxygen at 1250 to 
1400°C. The diffusion process was followed (1) by determining the depth 
to which oxygen caused conversion of p-type Si to n-type after heat treat¬ 
ment f at 450°C; 72, 73 and (2) by examining the effect of oxygen on the rate 
of etching. The rate of etching was found to be slower and the etch-pits 
smaller in regions into which oxygen was diffused. By measurement of shee: 
conductivities these workers were also able to secure information on the 
surface concentration of the donors formed as a consequence of the heat 
treatment. 18 

In applying method (1), Logan and Peters' 0 attempted to correlate oxy¬ 
gen concentration with donor concentration by means of solubility curves 
and so to arrive at an oxygen distribution curve. In this way, assuming 
error function distributions, they deduce that the activation energy for 

* Independent evidence that oxygen is dissolved by Si was obtained by Fuller and 
Ditzenberger. 71 

t See discussion of this topic on p. 217. 
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oxygen diffusion is 81 
cm 2 sec at 1367°C is a 



23 kcal. A diffusion coefficient of about 10 


-s 


Ill-Group 


Table 6.4). The activation energy is of the same order as observed for 
these elements. Because of the indirect nature of the diffusion measure- 
lent, however, a rather large uncertainty is present in the results. 

DIFFUSION-CONTROLLED REACTIONS 

Up until now we have been concerned with macroscopic diffusion in which 
there is rather large scale movement of matter from one part of a crystal 
to another. There is, however, another class of diffusion which is particu¬ 
larly easy to observe in semiconductors, and in which no relative shift of 
material from one to another part of the crystal occurs. This is the group 
of diffusion-controlled reactions which includes such processes as annealing 
of radiation damage, ion pairing, precipitation, etc. These processes result 
in spatially uniform changes in the bulk electrical properties of semiconduc¬ 
tors and are therefore easily measured. In this section we shall treat the 
general concept of the diffusion-controlled reaction and discuss specifically 
the annealing of radiation damage in germanium. 

When molecules of a gas, A , react irreversibly with those of a gas, B , to 
give a third gaseous molecule, AB , the rates of diffusion are generally large 
compared to the rate of reaction. As a result the latter is proportional to the 
uniform, bulk concentrations of both species, 


dN 


dN 


B 


dt 


dt 


kN A N 


(6.63) 


where k is the second order rate constant and N A and N B are the concen¬ 
trations. If, on the other hand, the reaction between A ’s and B’s is instan¬ 
taneous and the diffusion of B’s relative to A ’s is slow, internal gradients 
will occur and the reaction rate will not be proportional to A B , but rather 
to some average concentration of B’s near an average A. The simple second 
order kinetics expressed by Eq. (6.63) then will not hold, because the reac¬ 
tion is now diffusion controlled. Such situations are common in solids where 
diffusion is generally slow compared to the rate of reaction on contact. 

A simple system upon which to base one’s understanding of the phe¬ 
nomenon is one in which N B is much greater than N A so that, if diffusion 
control did not exist, the reaction would exhibit first order kinetics and be 
pseudo-unimolecular. Cases of this sort have been treated rather extensively 
in the literature. 74, 75 Under the additional assumptions that the molecules 
interact instantaneously on contact, that the molecules of B are dis¬ 
tributed randomly with respect to A, that diffusion follows Tick’s law, and 
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that the volume assigned to each A molecule is essentially infinite for the 
time interval of interest, the following equation can be derived, 



47rro-D 1 




(6.W 


In this equation r 0 is the distance between centers of A and B molecules in 
contact, and N B is the initial uniform bulk concentration of B molecules. 
It is evident that Eq. (6.64) expresses a first order dependence except for 
the time-dependent factor within the brackets. This factor does approach 
unity as t increases so that eventually first order kinetics is realized. 

If instead of B being in excess, both A and B are present in comparable 
concentrations, the foregoing treatment must be modified. Waite 70 ha^ 
shown that in place of Eq. (6.64), which converges to first order, the fol¬ 
lowing equation which converges to second order kinetics is obtained: 

- ^ — 4tt rj) \ 1 - N b N a (6.65' 

dt dt L VttDU 

in which N B of (6.64) has been replaced by the time dependent N B • R 
should be remarked that in both equations, (6.64) and (6.65), D is the re/<i- 
tive diffusion coefficient, namely 


D = D a + D b 


( 6.66 


where D A and D B are the individual coefficients of A and B respectively 
Also in connection with each of the above relations there is a problem con¬ 
cerning the boundary conditions, since Pick’s law cannot hold at the dis¬ 
continuity at r 0 . This point is discussed in the literature/ 4, 75 

There are two additional points which must be considered. The first of 
these arises in connection with ion pairing reactions (see Chapter 5) where 
the particles A and B exert forces on one another. In addition, to the usual 
diffusion fluxes, fluxes arising from drift components, such as were discussed 
on p. 248 must then be introduced. Examples of this sort have been dis¬ 
cussed in the literature by Montroll 76 and by Monchick. 77 The second point 
occurs when a correlation between A and B is present at the start of the 
reaction. For example, the initial distribution of particles may have been 
produced in part by the dissociation of AB pairs. The problem is then com¬ 
plicated by having more than one kind of initial distribution. 


Annealing of Radiation Damage 


The annealing of radiation damage in solids includes examples of th> 


kind. This reaction will now be discussed in greater detail. We shall review 


briefly only the recent radiation damage work relating to germanium on 
which an extensive literature has already accumulated. 78 An extensive re- 
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y iew of early work has already been given in a report by Lark-Horovitz. 79 

1 his includes bombardment with deuterons, alpha particles, neutrons, and 
electrons. 


The bombardment in all cases is assumed to displace atoms from their 
normal lattice sites to interstitial positions, thus creating vacancy-intersti¬ 
tial pairs. Localized energy levels are introduced into the forbidden energy 
gap of germanium in this manner, both the vacancy and the interstitial 
atom contributing levels. The carrier concentration of n-type germanium 
decreases upon bombardment. The behavior of p-type germanium is more 
complicated. It varies with the type of bombardment and the carrier con¬ 


centration. The crystal recovers from its damaged condition upon heating 

as is evidenced by a recovery of the original conductivity subsequent to 

bombardment. Part of the damage disappears at room temperature, but 

heating to a few hundred degrees centigrade is generally required to restore 
the original state. 

Brown, Iletcher, and Wright recognized that electron bombardment 
(3 Mev or less) under the proper conditions produces a uniform and simple 
r yP e damage which is more amenable to investigation by electrical meas¬ 
urements. Under optimum conditions only single vacancy-interstitial pairs 
are created. By means of conductivity measurements these investigators 
lollowed the fraction of the separated pairs which recombined with time at 
various temperatures. Their work suggested the following model: The initial 
rapid change of conductivity at relatively low temperature is due to the 
reaction of interstitials close enough to vacancies to be within the strain 


fields of the latter. I he next (slower) change is controlled by diffusion of the 
interstitials and vacancies. I inally, a third step in the process involves the 
escape of interstitials from vacancies of their origin and their recombina¬ 


tion with other vacancies.* 


# 75 

Waite has attempted to treat all of the steps described above as one 
diffusion-controlled reaction process. He assumed a definite initial distribu¬ 
tion of interstitials with respect to the vacancies from which they originated, 
but random with respect to other vacancies. The detailed solution finally 
arrived at is too complicated to reproduce here and interested readers are 
referred to the original papers. For early times, this solution predicts a 
linear relationship between the fraction of pairs recombined and the square 

root of time. The activation energy for diffusion obtained from runs at differ¬ 
ent temperatures is 31.6 kcal.f 

dhe agreement of the experimental results with the theory is shown in 
Figure 6.10. Here the fraction of pairs recombined is plotted against ( Dt ) 1/2 


* The concentration of vacancy-interstitial pairs introduced by the electron bom¬ 
bardment is of the order of only 10 13 to 10 15 cm -3 . 

t This is somewhat lower than the value 39 kcal reported previously. 80 
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Figure 6.10. Plot of the fraction of acceptors removed from (Je by annealing: 
after electron bombardment against (DO 1/2 for a series of values of X after Waite. 75 
(Eq. 15, Ref. 70, p. 474.) Experimental data are shown for various annealing tem¬ 
peratures given on the figure. The integrated electron flux was 2 X 10 15 electrons cm" : 

under the assumption that D = D 0 exp — (31600 /RT). This type of plot 
should result in a superposition of all of the data for the various specimens. 
This is seen to be the case up to a fraction of about 0.45. The data for a 
larger fraction than 0.45 scatter considerably for reasons which are not as 
yet fully understood. However, there is known to be a considerable error 
in the determinations themselves. This may explain the deviations from the 
theory shown in Figure 6.10. The quantity X referred to in Figure 6-10 
measures the most probable distance initially between an interstitial and 
the vacancy from which it was dislodged. The best value of X in this fig 
ure is slightly greater than unity which suggests that about 70 per cent of 
the interstitials recombine with the vacancies from which they were orig¬ 
inally dislodged. 

PRECIPITATION OF COPPER, NICKEL, AND LITHIUM IN GE AND SI 

The study of the phenomena of precipitation in solids has been greatly 
facilitated by the use of pure semiconductor solutions. Reversible changes 
in the conductivity of Ge upon heating 33 have been shown to be a result of 
solution and precipitation of copper. 34 Likewise, spontaneous changes in 
Ge containing lithium were early connected with its precipitation at room 
temperature. 27,28 Similar effects were noted in Si, from which copper pre¬ 
cipitates with great rapidity and lithium precipitates rather slowly under 
conditions of cooling from higher temperatures to room temperature. 2 ' - ' 

51 47 

Nickel in Ge behaves similarly to copper. 

The precipitation process has been investigated for the system Cu-Ge by 
Logan 81 and by Tweet. 82 Logan found the rate of precipitation to be 
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markedly increased by plastic deformation. Tweet discovered the interest¬ 
ing fact that the fraction, <t>, of copper remaining in solution after a time of 
precipitation, t, is given by the relation 

$ = exp - (t/ Tp ) (6.67) 

where Tp is the temperature dependent relaxation time for precipitation. As 
^e shall discuss later, Eq. (6.67) is a special case of a general law 83 applying 
to diffusion controlled precipitation processes, namely 

$ = exp - (t/ Tp ) a (6.68) 

where the value of a depends on the geometry of the precipitate, a is % for 

spherical and unity for cylindrical precipitates. Eq. (6.67) thus supports 

the contention of Tweet, that the dislocations in Ge are the sites of copper 

precipitation, and this is further proved by the work of Dash 43 described 
below. 

By plotting log $ versus t and taking the reciprocal slope, Tweet was able 
to measure Tp in its dependence on temperature and dislocation density. 
Figure 6.11 shows log r p plotted against the reciprocal of the absolute 
temperature for four specimens containing dislocation densities between 10 4 
and 2 X 10 cm . Curves with two slopes, one corresponding to an activa¬ 
tion energy of 30 kcal (1.3 ev) and one to 62 kcal (2.7 ev) are observed. It is 
likewise evident from the experimental results shown in Figure 6.11 that 
the curves for lower dislocation densities come together and coincide with 

the curves of steepest slope (highest dislocation density) as the tempera¬ 
ture is lowered. 

The low energy process (Figure 6.11) is explained by a diffusion-controlled 
precipitation reaction in which copper atoms diffuse to dislocations which 
torm the nuclei for precipitation. The fact that t p is greater the lower the 
dislocation density is in accord with this picture. To explain the change¬ 
over to the high activation energy process, it is assumed that as the tem¬ 
perature is decreased, the dissociation of substitutional copper into a va¬ 
cancy and an interstitial becomes the limiting rate-controlling step.* When 
this happens the activation energy for the over-all process increases. The 
rate then becomes independent of dislocation density since the rate of dis¬ 
sociation in no way depends on the dislocation density. In addition, the 
breaks would be expected to occur at lower temperatures for lower disloca¬ 
tion densities as Figure 6.11 indicates. This follows from the fact that the 
diffusion-precipitation process is slower (at a given temperature) for small 

dislocation densities, whereas the dissociation, as already mentioned, is 
unaffected. 


* The dissociative process of diffusion is described on p. 239. 
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Figure 6.11. Plot of logarithm relaxation time, t p for copper precipitation in Ge 
as a function of l/T for specimens of different dislocation densities (given on each 
curve) after Tweet. 82 The curve of steepest slope (highest dislocation density) was 
obtained on a plastically deformed specimen. 


Little work relating to the precipitation in Si and other semiconductor 

• # ^ 

has been published.* However, the definitive work of Dash on copper 
precipitation in Si shows the important role played by dislocations. By 
passing infrared light of the proper wave length through Si containing pre¬ 
cipitated copper and photographing through a microscope, Dash found 
that although some copper precipitated in clumps, a large portion ac¬ 
cumulated about dislocation lines. The process of accumulation proceeds 
at the dislocations because they are able to act as sources and sinks for 
vacancies. The work also furnishes indisputable proof that etch pits mark 
the dislocations at the surface. This is illustrated in Figure 6.12 which is 
taken from Dash’s work 4,{ Further discussion of this work is given in Chap¬ 
ter 12. 


* A precipitate of copper from GaAs crystals containing this element has been 
noted. 84 Precipitation of oxygen from Si has also been shown to occur. 69 
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Figure 6.12. Photograph with infrared light of deposit of copper in the vicinity 
of line dislocations in silicon after Dash. 43 The ends of the dislocations are clearly 
marked by the etch pits on the surfaces. 


Penning 47 has recently reported observations on copper and nickel in Ge 
which have an important bearing on precipitation mechanisms. The pre¬ 
cipitation of nickel was investigated by following the rate of decrease in the 
concentration of acceptor levels (as determined by Hall measurements) for 
known times of precipitation in the range 450 to 500°C. The original speci¬ 
mens were saturated with nickel at 800°C. It was found that although 
the nickel levels (0.23 and 0.30 ev from the valence band) disappeared, a new 
acceptor level at 0.02 ev from the valence band appeared. Results for 500°C 
are shown in Figure 6.13 which shows the change with annealing time of 

the total acceptor concentration and the change in concentration of the 
new 0.02 ev level. 

Penning offers the following explanation for the behavior described above: 
nickel, like copper, diffuses by a “dissociative” mechanism (see p. 239). 
Precipitation occurs by having a substitutional nickel atom become inter¬ 
stitial and diffuse to a precipitate mass. The interstitial is not ionized so 
that its formation from a substitutional represents the loss of an ac¬ 
ceptor. However, the vacancy formed when the substitutional atom be¬ 
comes interstitial is itself an acceptor and, in fact, is identified with the new 
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Figure 6.13. Variation of total acceptor concentration N a + N v and concentra¬ 
tion of 0.02 ev acceptors, N v , with time of anneal after Penning. 47 Dashed portion 
of lower curve indicates formation of Vy at short heating times. N a is the concen¬ 
tration of acceptor nickel. 

0.02 ev level. Therefore, in the initial stages of precipitation, every nickel 
acceptor removed is replaced by a vacancy acceptor, so that the total con¬ 
centration of acceptor ( N a + Nv) remains fixed. At later times the vacan¬ 
cies are absorbed at dislocations so that their total concentration decreases. 
By considering the relative rates of formation of both kinds of acceptors. 
Penning is able to derive analytical expressions which fit his observed 

curves.* . 

A quantitative investigation of the precipitation of lithium in Ge has 

been made by Morin and Reiss. 86 Since this is indicative of the kind of work 
which can be performed with semiconductors, it will be described in some 
detail. The rate of precipitation of lithium was studied by means of changes 
in electrical conductivity at 25 and 60°C. Lithium has only a single elec¬ 
tronic energy level in the forbidden gap, namely a donor level at 0.03 ev 
from the conduction band. Hence conductivity measurements provide the 

lithium concentration over a wide temperature range, f 

Specimens were saturated at 425°C by alloying metallic lithium to the 

surfaces and bringing to equilibrium at this temperature. In this manner. 

* The finding by Penning of an increased solubility of Cu in the presence of pre¬ 
cipitating Ni has recently been explained by Tweet and Tyler (Bull. Am. Phys. Soc 
II, 3 102 [1958]) as being caused by the Ni precipitates themselves rather than by 

vacancies as claimed by Penning. 

t Values of electron mobility are available. 17 Hall measurements show that the 
presence of the lithium precipitate does not affect the mobility. 
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Figure 6.14. Semilog plots of the reciprocal of the fraction of lithium remaining 
unprecipitated in Ge as a function of (time) 3/2 after Morin and Reiss. 85 Curves 1, 2, 
and 4 were obtained on Ge having 2800 edge dislocations cm" 2 and differ because of 
different degrees of supersaturation as well as different saturation times. Tempera¬ 
tures of saturation ranged from 325 to 475°C. Curve 2 was taken on the same specimen 
as for curve 4 after electron bombardment to introduce vacancies. Temperature of 
precipitation was 59°C. 

17 * 3 

6.5 X 10 Li atoms per cm' were introduced (See Figure 5.4). Thus, the 
degree of supersaturation at 60°C, one of the temperatures of precipitation, 
was about 3 X 10 3 . 

Figure 6.14 shows plots of N°/N, which is the reciprocal of the fraction 
of the original lithium remaining unprecipitated after a time t, against 

3/2 • 

(I ), N being the concentration of the lithium. The curves, all for a tem¬ 
perature of 59°C, are seen to be straight lines up to a value of N°/N of over 
10, i.e., to over 90 per cent completion of the precipitation. The break at 
later times is believed to be caused by slight inhomogeneities in the distri¬ 
bution of the nuclei for precipitation and for the purposes of this discussion 
will be ignored.* The curves in Figure 6.14 all were taken on the same Ge 
crystal, but differ in saturation temperature and saturation time, with the 
exception of curve 2 which is discussed below. The rates of precipitation are 
greater for specimens of greater degree of supersaturation and longer heat- 

* Etching experiments show that the density of nuclei can be considerably greater 
than the density of etch-pits, so that the latter are relatively unimportant in most 
experiments. 
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ing times. It was in fact found that the number of nucleation centers is 
dependent on the time of heating (beyond that required for saturation) at 
the saturation temperature. The behavior cannot be explained if disloca¬ 
tions are the nucleation centers, and Morin and Reiss have furnished both 
experimental and theoretical evidence to show that the vacancies, rather 

than dislocations, form the nucleation centers. The vacancies are largely 
generated at the dislocations, however.* 


On the assumptions that (1) the nucleation centers exist prior to precipi¬ 
tation, (2) the particles remain spherical and grow by a diffusion-controlled 

process, and (3) precipitation on dislocations themselves is negligible, the 
following quantitative expression can be formulated :f 

N - N e r n 3/2l 

_ N e = exp [-fit 1 ]. (6.69) 


In Eq. (6.69), N e is the equilibrium solubility of lithium in Ge at the tem¬ 
perature of precipitation, N is the concentration remaining in solution after 
a time t, and N is the equilibrium solubility at the temperature of satura¬ 
tion and also the concentration of Li present at the start of the precipita- 
tion. (3 is defined by 



where N n is the density of nucleation centers, V is the volume per atom of 

lithium in the precipitate, and D is the diffusion coefficient of lithium in Ge. 

It is seen that Eq. (6.69) is a special case of (6.68) with a = %. This is in 

accord with the assumption of spherical nuclei. If it is assumed that the 

nucleation centers are vacancies, their rate of generation and solubility can 

be measured for various temperatures and for various dislocation densi¬ 
ties. 86 

During the times of interest, the inequality, N° > N » N e is valid so 
that Eq. (6.69) simplifies to 

In N°/N = tf' 2 (6.7!) 

Thus, a plot of log (N°/N) versus t m should be a straight line with slope s 
as is in fact observed. Curves 4 and 2 in Figure 6.14 are especially interest¬ 
ing in this connection. Curve 4 corresponds to a sample containing so few 
nuclei that only negligible precipitation occurred even after 168 hours at 

* In a recent work, Tyler and Dash** have studied the precipitation of Li in de¬ 
formed and undeformed Ge. Their results are in agreement with the concepts pro- 
sented in this section. 

t The quantitative theory requires the solution of a boundary value problem with 
moving boundaries. Interested readers should consult the literature. 74 
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Figure 6.15. Semilog plot of reciprocal of fraction lithium remaining unprecipi¬ 
tated in Ge against (time) 3/2 after Morin and Reiss. 85 Curves 1 and 2 are for identical 
Ge specimens which were both saturated at 425°C for same time. Curve 1 was experi¬ 
mentally obtained at 25°. Curve 2 was calculated from curve 1, assuming the same 
number of nuclei in each specimen and using the known value for the diffusivity of 
Li in Ge at 60°C. The fit to the experimental points obtained at 60°C, shows the agree¬ 
ment with theory. 

59°C. Curve 2 is for the same specimen as Curve 4, but after bombardment 
with electrons under conditions known to introduce lattice vacancies. It is 
evident that the rate of precipitation is greatly accelerated by the bom¬ 
bardment, thus providing additional evidence that vacancies serve as 
nuclei for precipitation, f 

Figures 6.15 and 6.16 demonstrate how information on vacancies can be 
obtained from precipitation experiments of the kind described above. In 
Figure 6.15 two runs are shown on specimens from the same crystal, sat¬ 
urated in an identical manner. Curve 1 was obtained at 25°C and Curve 2 
at 60°C. N n is assumed to be the same in both. From d, the slope of the 
25°C curve, N n can be obtained by means of Eq. (6.70). From this value of 
N n and the value of D at 60°C (Ref. 28), 13 for the 60°C curve can be calcu¬ 
lated and the straight line representing this drawn as has been done in 
Figure 6.15. The agreement with the experimental points up to 90 per cent 
reaction is seen to be very good. 

By measuring the rates of precipitation at 60°C for specimens of known 
dislocation densities saturated at various temperatures, Morin and Reiss 
have been able to calculate the rate of generation, g 0 of nuclei-vacancies 
per unit length of dislocation, 

go = N n /N d t *. (6.72) 

f Actually, vacancies which have reacted with an Li + thus producing a neutral 
nucleation center are believed to be the predominating nucleation centers. 85 
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Figure 6.16. Plot of log of initial rate of generation of nuclei (g 0 ) per cm of dis¬ 
location per hour against 1 /T for specimens taken from the same Ge crystal (2800 
dislocations cm -2 ) after Morin and Reiss. 85 The slope of the best straight line through 
the points gives an activation energy for nuclei production of 46 kcal. 

In Eq. (6.72), Nd is the dislocation density for a specimen in which N n nuclei 
are produced in a time t*, chosen long enough (for the temperature, T) to 
produce saturation with respect to the lithium, but short compared to the 
time for nuclei equilibrium to be established. Figure 6.16 shows the result 
of plotting log <7o vs. l/T where T is the absolute temperature of satura¬ 
tion. The best straight line through the points shown yields an activation 
energy for vacancy production of 46 kcal, the same value as found by Kess¬ 
ler 87 from internal friction measurements. 

• • • # gEj . 

From their experiments, Morin and Reiss were also able to determine 
the equilibrium values of N n , the concentration of nuclei-vacancies at sev¬ 
eral temperatures. By plotting these against l/T they determined an 
activation energ}^ of nuclei-vacancy formation of 37 kcal. Finally, knowing 
the temperature dependence of the solubility of Li in Ge, they show that 
the above results are compatible with the findings of Logan 88 for the chang- 
of vacancy concentration of Ge with temperature. They also deduce a value 
of 23 kcal as the binding energy of Li in a vacancy. 

The investigations discussed in this chapter have almost all been com¬ 
pleted within the last 5 to 6 years. This unusual activity and the significant 
results that have been achieved attest to the great importance of semicon¬ 
ducting substances in promoting our knowledge of processes taking place 
in solids. There can be little doubt that the pace that has been set will 
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continue and that this knowledge will be considerably expanded in the 
years immediately ahead. 
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CHAPTER 7 


THE CHEMISTRY OF SOME COMPOUND 

SEMICONDUCTORS 

D. G. Thomas 

INTRODUCTION 

The compound semiconductors made from Groups III and V elements 
are rapidly becoming familiar and are rather similar to the germanium 
family. In this chapter we shall discuss properties of some compound semi¬ 
conductors chiefly made from elements of the second and sixth groups of 
the periodic table. These materials are by no means as well understood as 
the Group IV elemental semiconductors, yet properties such as their 
luminescence and electroluminescence make them practically important, 
and it may be expected that as the ionic nature of the bonds in the solid 
increases interesting and perhaps unique semiconductor properties will be¬ 
come apparent. It is of interest too that these compounds still show elec¬ 
tronic conduction, whereas the more ionic alkali halides cannot really be 
classed as electronic semiconductors, for now charge is chiefly carried by 
the motion of ions. The copper compounds, among others, show interme¬ 
diate properties in this respect. 

The II, VI compounds are frequently cited as examples in which the 
stoichiometry and electronic properties of the crystal may be controlled 
by controlling the atmosphere, and this equilibrium between solid and 
vapor will be our chief subject of discussion. It is well known that this 
type of equilibrium has been treated by mass action equations connecting 
activities in the vapor phase with defect activities in the solid phase. We 
will not dwell on the details of these equations in this chapter, although 
recent contributions from the Philips Laboratories in Holland describing 
simple methods of handling the rather complex equations will be discussed. 
While the main ideas are quite familiar, the chief difficulty in this field 
has been the precise experimental verification of the equations. A great 
deal of data have been reported for polycrystalline or sintered material, 
but the uncertainties about the geometry of these samples have nearly 
always led to ambiguous interpretations of the experiments. Recently 
work has been done on single crystals and consequently we will devote most 
of our attention to a description of some of these results so that the reader 
may become acquainted with some of the techniques used and the diffi¬ 
culties encountered. It will become apparent that progress has been made, 
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but that there is still a long way to go before the chemistry of this class 
of semiconductor can be fully described and controlled. 


GENERALIZED TREATMENT OF CRYSTAL IMPERFECTIONS 


The workers at the N. V. Philips Research Laboratory have attacked 
the problem of describing the behavior of nonstoichiometric or otherwise 
imperfect crystals in a general way. They suppose that at some high tem¬ 


perature, a crystal, which may or may not contain impurity atoms, is 
allowed to come to complete equilibrium with the surrounding atmosphere 
which may include impurities as well as the components of the pure crystal. 
In calculating this equilibrium, the ideas proposed by Wagner and Schottky 


many years ago are used. That is, simple mass action equations are written 
connecting the defects, and the activities are replaced by concentrations. 
The concentrations are usually small, which helps to maintain the validity 
of the mass action equations, although the possibility of the semiconductor 
becoming degenerate is not dealt with. The treatment does not attempt to 
be complete, since the association of defects is not dealt with in detail, and 
in practice there is little doubt that interaction of crystal imperfections 
plays an important part in determining the properties of semiconductor-. 


However, as the reader will soon discover if he examines the existing 
literature, the general treatment is already sufficiently involved without 
wishing further complications on it. 

Simply to write down all the various equilibria involved is of little help, 
since an exact solution of the problem—that is, the evaluation of the con¬ 


centrations of the various species in terms of chosen equilibrium constants, 
impurity content and external pressure—becomes extremely cumbersome. 
The Philips workers have, however, described an approximate graphical 
method of solution which they have found to be useful in the interpretation 
of their results, especially with PbS and CdS. In these experiments, electri¬ 
cal measurements are made at and below room temperature after quench¬ 
ing the crystals from the equilibrium temperature. In this quenching it is 
assumed that the lattice imperfections are frozen in and that only electronic 
rearrangments occur. Some of these experimental results will be described, 
but before doing this an attempt will be made to indicate the methods used 
in obtaining the graphical solutions to the equations. It is emphasized that 
the example to be considered is one of the simplest, and for a much fuller 

account of more complicated systems the reader is referred to the original 
literature. 1 


Nomenclature 

In describing this work the “atomic” notation of Kroger and Vink will 
be used. In this system all normal lattice components are thought of as being 
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atoms, whether the crystal is covalent or ionic. The reason for this is that 
normally only the effective charge of a center is of interest and for an 
ionic crystal it is superfluous to write down the normal ionic charge on 
every occasion. For a covalent crystal the atomic system is the one that is 
naturally used. The main symbol then indicates the atom concerned, or 
if the imperfection is a vacancy, V is used, and the subscript indicates the 
position occupied by the imperfection. The superscript denotes the effec¬ 
tive charge of the center. 

As an example, consider a crystal of magnesium oxide. V Mk then indicates 
the imperfection produced by removing a neutral magnesium atom from 
a normal magnesium lattice site. The effective charge of the center is zero 
but it may accept one or two electrons and become V MK _ or V Mg _ (which 
is the defect which would have been produced by removal of an Mg ++ 
ion). Replacing a magnesium atom by a lithium atom gives a substitutional 
lithium center denoted by Li Mg , which may accept an electron to become 
Li Mg _ . A chlorine atom at an oxygen site is written Cl 0 and it acts as a 
donor leaving a Cl 0 + center. Sometimes the subscript may be A or C 
indicating an anion or cation site. A neutral interstitial magnesium atom 
is written Mg/. Electrons are represented by e~ and holes by e + in conform¬ 
ity with the practice in this book, and the concentration of a species X is 
denoted by N x , except that electron concentration is represented by n, 
and the hole concentration by p. 

Equilibrium Between the Vapor and a Crystal Displaying Frenkel 
Disorder 

We suppose we have a crystal MX in equilibrium with M vapor which 
enters into an equilibrium involving interstitial M atoms, M /, and M 
vacancies, V M . The formation of X vacancies is assumed to be negligible. 

The energy scheme in the forbidden gap is as shown in Figure 7.1. (The 
Dutch workers have chosen to label the various states in this type of dia¬ 
gram with a symbol representing the center as though it were occupied by 
an electron. This is natural enough for donor type centers for in the un¬ 
ionized condition these do have their extra electrons. But the simple un¬ 
ionized condition of an acceptor does not have an extra electron. We prefer 
labeling a center as though it were in its ground, un-ionized condition, and 
so in Figure 7.1 we call the vacancy V M , and not V M , as do Kroger et 
al.) It is supposed that the interstitial atom can give up an electron to the 
crystal and so act as a donor, whereas the vacancy can act as an acceptor 
of electrons either from the conduction or valence bands. From the equilib¬ 
rium between metal vapor and interstitial atoms we may write: 

NMr = R rP M 


( 7 . 1 ) 
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CONDUCTION BAND 



VALENCE BAND 

Figure 7.1. The electronic energy scheme corresponding to a simple case of Frenke 
disorder. (After Kroger and Vink d) 


K r of course represents the equilibrium constant for this reaction. P M * 

the pressure of M vapor. But within the crystal we have the Frenke 
equilibrium: 


N m,N 


Miiy v M 


K 


(7.2 


krom the ionization of the donor centers we have: 


nNut 


N 


K,. 


Ml 


(7.3) 


h urthermore the acceptor center is in equilibrium with holes in the valence 
band: 


pNvm 

N Vm 


k 7 . 


(7.4) 


1 he intrinsic equilibrium between holes and electrons is 


np = K;. 


(7.5.) 


h inally, since the crystal as a whole is neutral the sum of the positive 
charges must equal the sum of the negative charges: 


71 + n vm = V + N M f . 


(7.6) 


I' rom these six equations the six unknowns may be calculated if the various 

equilibrium constants and the partial pressure of M are given. The results 

will of course depend on temperature since the K’s depend on temperature 

It may be pointed out that we are allowing the crystal to become non- 

stoichiometric by assuming there to be an equilibrium with M in the gas 

phase. Had this not been so, Frenkel defects alone would not have produced 
nonstoichiometry. 


Brouwer la has described a simple but approximate method of solving the 
above simultaneous equations. The equilibrium equations (7.1) to (7.5) 
are written in logarithmic form so that a set of linear equations are oh- 
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tained connecting the logarithms of the various quantities. In the neutrality 
condition it happens that for various regions just two quantities predomi¬ 
nate; thus for very low metal pressures, metal vacancies are in excess, some 
of which will be ionized to provide holes, so we have for the neutrality 
condition: 

V = (7.7) 

and 

log P ^ log Nvm • ( 7 - 8 ) 

In other pressure ranges there will be different relations, but always one 

of the form: 

log A = log B. (7.9) 

It is now a simple matter to express the logarithm of the concentrations 
of all the centers in terms of log P M (or of log K r P M ), and of the various log 
Iv terms. Hence in the region of applicability of the modified neutrality 
condition the log (concentration) terms may be plotted as straight lines 
against log K r P m . As P M increases the concentration of metal vacancies 
will decrease and (7.8) will no longer be valid. 

Two possibilities now arise. If at the particular temperature considered 
the concentrations of holes and electrons provided by the intrinsic ioniza¬ 
tion of the lattice are greater than the concentrations of the defects pro¬ 
vided by the Frenkel equilibrium, then the neutrality condition will be: 

log n = log p. (7.10) 

If, however, the Frenkel equilibrium outweighs the intrinsic ionization, 
then the hole and electron concentrations become negligible compared to 
the imperfection concentrations, and as these only come into the neutrality 
condition when they are ionized, we have: 

log Nvm = n m? . (7.11) 

At still higher metal vapor pressures the concentration of the interstitial 
metal predominates, and so: 

log n = log N . (7.12) 

On this basis the complete diagram of concentrations versus metal pres¬ 
sure can be drawn as a series of straight lines of various slopes intersecting 
at the values of K r P M where the applicability of one neutrality condition 
ceases and another begins. It is of course in these regions that the approxi¬ 
mations fail, but on a log-log plot such failures are not important. 
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Simplifications That Arise From Complete Ionization 

Since a high temperature is necessary for equilibrium between the im¬ 
perfections and the vapor to be established, and since in many systems the 
donor and acceptor states lie near the conduction and valence bands respec¬ 
tively, these states may be taken to be completely ionized. The equilibrium 
with the gas now becomes 

M oas Mj + + e~ (7.13) 

and we can write: 

nN M f = K/Pm (7.14) 

and the modified Frenkel relation is: 

N vmN M + = K/. (7.15) 

The ionization relations (7.3) and (7.4) may be dropped. The intrinsic 
relation (7.5) and the neutrality condition (7.6) remain unchanged. The 
same approximate neutrality conditions are used. It can be readily shown 
that in the middle range of pressures N vm = N mi if K/ > K i (that is, if 
the Frenkel defects outweigh the intrinsic holes and electrons), and that 
n = p if K/ < K{. When NvH = ^ the pressure of M has little effect 
on the concentration of M 7 + because in this region the tendency of the vapor 
to create nonstoichiometric ions is small compared to the M T + ions 


/N Vm - ^ N Mi + 

/ 



Figure 7.2. Concentrations of imperfections in a crystal of composition MX with 
completely ionized Frenkel defects. This corresponds to complete equilibrium of 
crystal and vapor at a high temperature for the case in which K/ > K t - . ( After 

Kroger and Vink. 1 ) 
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i n m 



Figure 7.3. Concentrations of imperfections in a crystal of composition MX with 
completely ionized Frenkel defects. This corresponds to complete equilibrium be¬ 
tween crystal and vapor at a high temperature for the case in which K/ < K t - . 

(After Kroger and Vink. 1 ) 

arising from Frenkel disorder. As a consequence, N remains constant 
and Eq. (7.14) shows that now the electron concentration varies directly 
with the pressure of M. Figures 7.2 and 7.3 show solutions of the problem 
assuming numerical values of K; and K/. In Figure 7.2, K/ = 10 32 cm -6 
and K* = 10 30 cm -6 , and in Figure 7.3, K/ = 10 3 ° cm -6 , and K,- = 10 32 
cm -6 . The width of the intermediate region where either neutrality condi¬ 
tion may apply is given by: 

A log K r'P M = | log (K/) - log (K i) |. 

It is apparent that the larger K/, other things being equal, the larger will 
be the concentration of native imperfections present. It is important to 
remember this when deciding whether or not a system which contains 
impurity atoms is controlled by the impurities or by the native defects. 

Figures 7.2 and 7.3 refer to the system in equilibrium with the vapor at 
an elevated temperature. Measurements are seldom made at such tempera¬ 
tures, but rather the system is quenched and the crystals observed in the 
region where only electronic equilibria occur. The assumption that quench¬ 
ing really does freeze in the atomic imperfections is open to considerable 
doubt. It may well be that the quench time is short enough that imperfec¬ 
tions do not have time to diffuse to the crystal surface so that the stoichiom¬ 
etry may not change. However, the annihilation of Frenkel defects or 
the association of defects may be much more rapid. Nevertheless, the 
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Figure 7.4. Concentration of centers at T = 0°K for a case in which Figure 7.2 
shows the equilibrium at a high temperature. It is assumed that the number of atomic 
defects do not change on cooling but that electronic equilibrium does occur at low 
temperatures. (After Kroger and Vink. 1 ) 



Figure 7.5. Concentrations of centers at T = 0°K for the case in which Figure 7.3 
shows the equilibrium concentrations at a high temperature. Again it is assumed that 
the atomic defects are frozen in on cooling but that electronic equilibrium is main¬ 
tained. (After Kroger and Vink 1 ) 

assumption of complete freezing of the defects is made, and Figures 7.4 
and 7.5 show the situation at T = 0, corresponding to Figures 7.2 and 7.3. 
The intrinsic ionization of the lattice no longer plays a part. If one considers 
region III with excess metal in the lattice, then the small number of V M 
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centers will be filled, so that they are V M ~ centers with a corresponding 
number of M r + centers from which the electrons have come. This small 
number of ionized interstitial centers does not of course materially affect 
the concentration of the un-ionized interstitial atoms. 

The chief use of figures such as 7.4 and 7.5 is to illustrate the semicon¬ 
ducting properties of the crystals which they describe. At temperatures 
above 0°K, but below those at which imperfection migration and intrinsic 
ionization become dominant, the un-ionized centers may ionize. The V M 
centers accept electrons from the valence band so that when these are in 
excess, p-type conductivity results, and when M 7 centers are in excess, the 
sample becomes n-type. In fact it is seen that the situations described in 
Figures 7.4 and 7.5 give at intermediate temperatures very similar semi¬ 
conducting properties. There is a sharp division at the point of perfect 
stoichiometry between n- and p-type. However if properties such as optical 
absorption, fluorescence and ionic conductivity are studied, these may 
depend on the imperfections present so that the differences between figures 
7.4 and 7.5 could become important. 

Incorporation of Foreign Atoms 

The type of system just illustrated is of very limited applicability. Fre¬ 
quently, the effect of impurity foreign atoms added accidentally or inten¬ 
tionally must be included. Again we will briefly describe a simple case pro¬ 
posed by Kroger and Vink. Suppose, in the example considered above, that 
in the crystal there is incorporated a fixed amount of a foreign atom at an 
M site, F M , which has one more valence electron than M (e.g., Cd in AgCl). 
Suppose too that this donor level lies near the top of the forbidden gap. 
If again all acceptors and donors are taken to be ionized at the tempera¬ 
ture at which equilibrium is attained, then it is only necessary to replace 
(7.6), the neutrality condition, by 

n + N v ~ = p + N M + + N f + (7.16) 

where N F + = N FM{lotal) = constant. The solution to this problem is 
shown in Figure 7.6 for the following choice of constants: 

N Fm = 4 X 10 18 cm -3 , K/ = 10 34 cm" 6 , K ; = 10 32 cm" 6 . 

In region /, at very low metal pressure (or very high anion component 
pressure), the nonstoichiometry outweighs the impurity concentration so 
that there are more metal vacancies than foreign atoms, and the electrical 
behavior is dominated by: 

Mm Vm A - M gas (7.17) 

where M M represents a normal M atom at a proper lattice site. The ap- 
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proximate neutrality condition is: 


V 


N v r.. 


M 


In region II, the approximate neutrality condition is 


(7-18) 



(7.19) 


Phis means that for every foreign atom a metal vacancy is incorporated. 
1 his is a solid solution of the form MX + FX 2 , as occurs in AgCl to which 
CdCl 2 has been added. Kroger and Vink have termed this the “range of 
controlled native atomic imperfection,” since the impurities control the 
concentration of lattice defects. The concentrations of holes and electron* 
in this region is controlled by the small differences that do exist between 
the F m and V M concentrations, and by the intrinsic ionization constant 
U . As the conditions become more and more reducing, that is as P M in¬ 
creases, the metal vacancies fill up and now the foreign atom is simply 
substituted for an M atom without the presence of any compensating 
vacancies, (region III). We now have a solid solution MX + FX, as 
though FX 2 had been reduced by the high metal pressure. This method of 
incorporation of atoms of deviating valency has been termed the mecha¬ 
nism of “controlled valency” by Verwey, Haaijman and Romeijn, 2 and 
more recently the “range of controlled electronic imperfection.” The elec¬ 
trical behavior in this region is now dominated by the foreign atoms which 
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net as simple donors. At still higher metal pressures, in region IV, the 
nonstoichiometry due to the metal vapor becomes dominant, in analogy 

o region /, and interstitial metal atoms acting as simple donors control 
the situation. 

the foreign atom may however not be present at a fixed concentration 
:n the crystal, and if it is volatile, it too may come to equilibrium with its 
component in the vapor phase. The situation becomes more complicated 
than before because now the imperfection concentrations must be deter¬ 
mined as a function of two partial pressures. The methods used for dealing 
•\ith the problem are however the same as before and have been described 
:>y Kroger and Vink. As an example, consider varying the chlorine pressure 
over CdS at different Cd vapor pressures. At low Cd pressures the material 
will be p-type due to an excess of cadmium vacancies. (In actual fact, p- 
type CdS has not been observed.) The chlorine is supposed to occupy 
sulfur sites substitutionally and there act as a donor. At low chlorine pres¬ 
sures for every Cl atom taken up by the lattice, an atom of Cd is incor¬ 
porated from the vapor as though CdCl were being added to the lattice: 

Cd + ^Cl 2 Cdca + Cl s . (7.20) 

Since holes are in excess, the substitutional chlorine loses its electron giving 
a Cl s + ion without materially affecting the concentration of holes. Writing 
the equilibrium constants for these reactions, it can be readily seen that 
-VciJ should vary as P ci 2 1/2 * However, when the chlorine concentration in 
the solid becomes large compared to the Cd vacancies arising from the 
vapor pressure of Cd, then for every chlorine atom incorporated there will 
be a compensating Cd vacancy which is not now filled in by an atom from 
the Cd vapor (CdCl 2 is now being added): 

^Cl 2 <=^ Cl s + + F C d • (7.21) 

Since now: N C ig = N v ^ d , we can see that in this range N C \g should 
vary as P C \ 2 • The electron and hole concentration is small compared to 
the Cl s + concentration and may be derived from the analysis. At suffi¬ 
ciently high chlorine pressures the crystal becomes w-type. 

At a higher Cd pressure, the sample is normally n-type due to an excess 
of sulfur vacancies acting as donors. At low chlorine pressures, the chlorine 
fills up a small fraction of the vacant sulfur sites and does not materially 
affect the electron concentration: 

F s + + JC1 2 <=> Cl s + + e~. (7.22) 

Thus in this region Nci£ should vary as Pc\ 2 ' 2 - However, at high chlorine 
pressures, the system behaves like a mixture of CdCl and CdS (compare 
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above), the chlorine now acting as a simple donor in excess: 

Cls <=* Cl s + + e~. (7.23.1 

Now Ncii (and the electron concentration) should vary as P c u'\ 

These systems and others, together with contour diagrams, are' describee 
more extensively in the literature. It is hoped however that the examples 
quoted have indicated the type of phenomena and simplifications that are 
currently being considered. It must be remembered that there are manr 
practical difficulties m the way of verifying the results discussed so far. 
Sometimes these difficulties are fundamental as is the case if pressure limits 
are set by the formation of a new phase. Furthermore, the attainment of 
equilibrium may be very slow as diffusion in solids is often slow, although 
this factor can sometimes be used to advantage if one imperfection move, 
rapidly at a particular temperature while all the others virtually do not 
move at all. The properties of this imperfection may then be studied in a 
simple fashion. 1 he properties of interstitial copper in lead sulfide provide 
an example of this. The difficulties which may arise from imperfect quench¬ 
ing and the association of defects, particularly when charged, may also be 
very serious. 

APPLICATION TO EXPERIMENT 

The considerations just described have been applied by the Dutch work¬ 
ers with considerable success to a number of solids. Some of the quantities 
involved, such as ionization energies of various centers, can be obtained 
more accurately by methods other than those involving high temperature 
equilibria. The general results are important, however, since they provide 
examples in which the departure from stoichiometry in single crystals has 
been well controlled, and these will be discussed below. This control has 
been achieved both because diffusion rates are reasonably fast, and because 
under attainable conditions, the concentration of intrinsic disorder and 
detects m the crystal can be made comparable to the foreign impurities 
which may be present. Furthermore, by using large single crystals, the ef¬ 
fects of surfaces can be ignored, which is almost certainly not the case for 
a large amount of work carried out with powdered material. 

Lead Sulfide 

A lengthy account of the work at Eindhoven on lead sulfide has been 
given by Bloem, and a shorter account by Bloem, Kroger and Vink 4 
Powdered PbS was obtained by precipitation with H 2 S from purified 
aqueous solutions. The powdered material was then converted into single 
crystals by the Stockbarger method in which the substance in a quartz 
vessel, surrounded by an atmosphere of H 2 S, is slowly lowered through a 
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furnace. The material melts near 1400°K, and on freezing forms a single 
crystal which is cleaved to give crystals about 3 x 1 x 10 mm. Since the 
distribution coefficient of impurity atoms between solid and liquid is near 
unity, zone refining was not used as a method of purification. Impurities 
were added by adding the calculated amount of impurity nitrates to the 
PbS powder and then converting to single crystals as before, after convert¬ 
ing the nitrates to oxides by heating to 900°C. Uniform distributions of 
impurities were obtained in this manner. 

The crystals were then heated at various temperatures in various sulfur 
pressures obtained by varying the proportion of H 2 to H 2 S in the atmos¬ 
phere. Complete equilibrium was established between vapor and crystals 
in \ hour at 1200°K, 3 hours at 1000°K and 20 hours at 800°K. The crystals 
were then quenched to room temperature and the Hall effect and thermo¬ 
electric power were measured. From the Hall effect, the sign and concen¬ 
tration of the carriers were deduced, and with this, the thermoelectric 
power gives an effective mass which was found to be .25 m for both holes 
and electrons, where m is the free electron mass. The results of the Hall 
measurements are shown in Figures 7.7a, b, c. In these figures are plotted 
the free carrier concentrations at room temperature as a function of the 
partial pressure of sulfur during the annealing. The annealing was carried 
out at 1000°K and at 1200°K. The carrier concentration has a sharp mini¬ 
mum at a particular sulfur pressure; on one side the majority carriers are 
electrons and on the other holes, and by crystallizing at different sulfur 
pressures rectifying junctions have been obtained. Brebrick and Scanlon 
have also been able to obtain n- and p-type PbS by reheating natural 
crystals in various sulfur pressures. 6 They reported that equilibrium was 
attained in 2 mm thick samples in 20 hours at 773°K in agreement with 
Bloem’s work. However, they reported that many synthetic crystals came 
to equilibrium much more slowly, and they suggested that this arose from 
the presence of oxygen on sulfur sites in the synthetic crystals which might 
be expected to slow the diffusion process. At 773°K they reported that the 
sulfur pressure at which the n-p conversion occurred was about 5 X 10 -3 
mm, which appears to be compatible with the Eindhoven results. 

Figure 7.7b shows the behavior of pure PbS, (the impurities in these 
specimens had concentrations less than 2 X 10 17 cnT 3 , and these may be 
neglected since the defects arising from the lattice itself are greater than 
this). For the pure crystal, the p, n equivalence point is shifted to lower 
sulfur pressures as the temperature is lowered. For the crystals which con¬ 
tain bismuth, which acts as a donor, there is seen to be a range of pressure 
in which the electron concentration is roughly equal to the bismuth con¬ 
centration, and similarly for the silver-doped material there is a pressure 
range over which the hole concentration approximately equals that of the 
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Figure 7.7. The concentrations of electrons and holes, measured at room tempera¬ 
ture, of PbS-Ag (a), PbS pure (b) and PbS-Bi (c) as a function of the sulfur pressure 
maintained during the heating of the single crystals at 1200 and 1000°K. (Aftr 
BloemS) 

silver ions. These effects occurring in the region of so-called “controlled 
electronic imperfection” are more marked at lower temperatures, for a- 
the temperature is raised the impurities become less and less important 
compared to the native lattice imperfections, and the behavior become' 
more like that of the pure compound. 

In Figure 7.8 is shown the p-n transition sulfur pressure as a function 
of temperature for variously doped crystals. At high temperatures th^ 
doping has little effect, but at lower temperatures bismuth shifts the p-r 
transition toward higher, and silver toward lower, sulfur pressures. 
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• J' 8 ‘ The boundanes between p- and n-type regions for pure PbS and PbS 

with added foreign ions as a function of the atmosphere and the temperature of heat¬ 
ing. {After Bloem . 4 ) 


In order to explain these results, the same general assumptions are made 

as were described above for a hypothetical case. At high temperatures 

equilibrium is reached and on cooling there are no atomic rearrangements 

although electronic equilibrium is attained. The native disorder is taken to 

mvolve anion and cation vacancies rather than interstitial atoms, i.e. 
ochottky disorder and not Frenkel disorder: 

PbS *± F s + Fpb . (7.24) 

It should be pointed out that formally at least, the results can be explained 
using other models. Frenkel disorder of lead atoms is a possibility and also 
interstitial lead and sulfur atoms, although the latter are unlikely on steric 
grounds. The anion vacancies can act as donors: 

V 9 V a + + e~ (7.25) 

:tnd the cation vacancies as acceptors: 

F Pb ^ Fp b “ + e + . (7.26) 

The evidence from Hall data at and below room temperature is that the 
ionization energies for these processes are very small, .02 ev or less. The 
ionization energies of foreign donors and acceptors are also found to be 
-mall. As a consequence it is assumed that all the centers are completely 
ionized. Furthermore, optical absorption results indicate that there is no 
second ionization of the vacancies. The treatment is thus considerably 
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simplified, and we can write a Schottky equilibrium constant, 

N v~ Ph N 7 ^ = K/. (7.27 > 

The interaction with the sulfur (or lead) in the atmosphere may be 
represented thus: 

^20 ^ S s + Fpb + e + (7.28 

which gives an equilibrium constant: 

K ox 'P S2 1/2 = N v - b p. (7.29 • 

The analogous reduction process is: 

Pb 0 <=£ Pbpb + V + c 
giving an equilibrium constant K/: 

P Pb K/ = iVy+n. (7.30 

It follows from this equation that if the donor and acceptor levels are simi¬ 
larly situated with respect to the conduction and valence bands, and i: 
the effective masses of holes and electrons are the same, then the lead pres¬ 
sure at the p, n equivalence point is given by 

K/Pp b = (K,-K/) 1/2 . 


Eq. (7.30) also shows that in the region of high sulfur pressure where 
p = N v p b , the hole concentration should vary as P S2 1/4 , and this is found 
to be the case. Similarly for low sulfur pressures the electron concentration 
varies as P S2 1/4 . This is further evidence for the single ionization of the 
centers. The sulfur pressure can be connected to the lead pressure through 
the known values of K P bs : 


Pp b (.P S2 ) 1/2 = K Pbs 



Proceeding in the manner described above, diagrams may be drawn 
illustrating various expected situations for this system. One such diagram 
is shown in Figure 7.9, in which a constant bismuth concentration of 10 : ‘ 
has been assumed. (This figure differs slightly from that in the original 
paper in that the nomenclature of the defects has been changed from th- 
ionic to the atomic system described above.) 

On quenching, the hole and electron concentrations should follow 
the course indicated by the heavy line in Figure 7.10, in which are also* 
marked the lines in Figure 7.9. The general similarity to the experimental 
curves will be noticed. Similar curves may be drawn for pure PbS and for 
PbS-Ag, and in Figure 7.11 is shown the curve for pure PbS. In this modd 
K i > K/ so that the faint horizontal line in this figure is the n = p lim- 
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Figure 7.9. Graphic solution of the high temperature equilibrium for PbS — 10 18 - 6 
Bi cm -3 . (After Bloem . 4 ) 



Figure 7.10. The heavy lines represent the result of cooling PbS - 10 18 - 5 Bi cm~ 3 
after heating under various sulfur pressures. The thin lines refer to the high tem¬ 
perature state shown in Figure 7.9. (After Bloem . 4 ) 

for high temperature, and its concentration level equals K/ /2 at the high 
temperature. Thus, by determining the point at which the electron or hole 
concentration curves change slope for pure PbS, an estimate of K; may 
be made. Figure 7.7b shows that at 1000°K this occurs near 10 18 , so that 

Ki & 10 36 . 

Now in Figure 7.11 the condition iV y + = N V p h occurs on the p, n equiva- 
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Figure 7.11. The heavy lines represent the result of cooling pure PbS after heati 

under various sulfur pressures. The thin lines refer to the high temperature st 
expected for pure PbS. (After Bloern , 4 ) 

lent pressure line. (In the figure V A represents an anion vacancy, V c » 
cation vacancy.) Clearly this concentration level equals (K/) 1/2 . It is thi* 
apparent that if the lines N v £ = n and N r ~ b = p are extrapolated back 
they meet halfway between the K/ /2 and (K/) 1/2 levels, so that their point 
of intersection will occur at a concentration level equal to (K/K,) I/4 . As 
1000°K for pure PbS this point is seen from Figure 7.7b to occur near Ice 
1 a? ~ 2.5 (this is not quite at the equivalence point, probably because d 

a small quantity of acceptor-type impurity), at a height of 17.6 to 17.7 
Taking K, = 10 36 , (log K,') 1/2 is thus estimated to be about 17.3. 1 

Similar graphic methods can be used on the doped as wel) as the undopec 
crystals, and so it is possible to obtain estimates of K, and K/ at differe 
temperatures. From the temperature variation of K, and by using effective 
masses for holes and electrons, the band gap width is estimated to be 0J- 
ev in the temperature range 1000 to 1200°K. At room temperature iu 
value is smaller and is about 0.3 ev. "I his decrease in the energy gap - - 
the temperature is lowered is unusual; Si, Ge and Z 11 O for example sh 
an increase in the gap as the temperature falls. 

Values of K t and K calculated in the fashion indicated are given fee 
different temperatures in Table 7.1. 



Table 7.1 


T°K 

log K; 

log K s ' 

1223 

37.1 

36.2 

1200 

36.8 

36.0 

1100 

36.5 

35.5 

1000 

36.0 

34.6 



CHEMISTRY OF SOME COMPOUND SEMICONDUCTORS 


287 


W e thus find for the Schottky constant: 


K/ = N v +N V p b 


10 


43.4 


exp 



(7.32) 


Mott and Gurney 6 have given an expression for K/: 


K/ = N 2 exp 


where N is the number of Pb and S atoms/cc 



(7.33) 


2 X 10 22 , and TP., is the 


"* 44^6 nCCe ' Ssary ^ orm a t's ' and a F P b center. We thus expect N 2 to be 
10 ’ which is in good agreement with the observed value of 10 43 ' 4 when 

it is remembered that no account has been taken of the influence the 

vacancies may have on the vibrations of the adjacent atoms. It need not 

be pointed out that the Schottky disorder is important in PbS chiefly 

because the rather modest value of W s = 1.75 ev, leads to a comparatively 

large value of K/. Indeed at the melting point of PbS (1400°K) a defect 

concentration of about 10“ 3 per mole PbS is expected, and Bloem 4 has 
reported this to be approximately so. 

Interstitial Copper in Lead Sulfide 

In the work on PbS discussed so far, it is assumed that the crystal comes 
to equilibrium at the high temperature, and little attention has been paid 
to the diffusion coefficients of the various defects. Below about 500°C, 
diffusion onto lattice sites becomes so slow that reasonably sized crystals 
do not change appreciably as the atmosphere changes. Consequently, if an 
impurity could be found which diffused rapidly at or below 500°C, its prop- 
erties could be studied while those of the base lattice remain unchanged. 
Bloem and Kroger 3 have reported that copper diffuses rapidly in PbS at 
low temperatures occupying interstitial sites where it acts as a donor: 

Cu/ ?=* Cu 7 + + e~. (7.34) 

On a lattice site, that is when substitutional, copper acts as an acceptor. 

But at low temperatures the copper does not displace lead atoms from the 
lattice. 

In these experiments p-type crystals were used in which the acceptors 
were either cation vacancies or substitutional silver atoms at concentra¬ 
tions in the region of 10 18 /cc. Copper was then electrolytically deposited 
on the crystal surface and the crystal was treated at temperatures between 
100 and 500 C in a slow stream of H 2 , H 2 S, A or a mixture of these gases. 
After a certain time the crystals were quenched, then cleaved perpendicu¬ 
lar to the coated side and the depth of penetration of the p-n junction 
determined with a hot probe held in a micromanipulator. It was found 
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that the penetration was greater the higher the temperature of diffusion 
the longer the time and the smaller the initial hole concentration. Further¬ 
more, for a given initial hole concentration, the rate was greater for FbS-Az 
than for undoped PbS. There was also considerable scatter in the results: 

thus the junction did not move in at the same speed from every crystal 
face. 

By measuring the Hall effect, conductivity and thermoelectric power 
from 300°C to -180°C on a crystal completely converted to w-type, the 
interstitial copper was found to have a donor ionization energy of 0.02 ev. 
The electron mobility lay in the expected range of 500 to 800 cm 2 /volt ser 
at room temperature and varied with temperature as T~ bl \ The behavior 
however was not entirely simple for with most crystals spectrographir 
analysis showed 3 X 10 18 - 10 20 atoms of Cu cm" 3 , which is about 2 to 10 
times the concentration of free electrons. 

Since it is known that copper can occupy substitutional sites, it is reason¬ 
able to suppose that for an undoped sample of PbS where the acceptor- 
are lead vacancies, the interstitial copper will move into these empty site>: 

V c + Cu 7 <± Cu c • (7.3a 

As Cue, a copper atom at a cation site, is an acceptor with a low ioniza¬ 
tion energy it will remain ionized and there will be no change in hole con¬ 
centration, for one acceptor has been replaced by another. But as more 
interstitial copper moves in and all the vacancies become filled, the elec¬ 
trons from the interstitial copper will begin to neutralize the holes, an: 

finally conversion to w-type will take place when the total copper concen¬ 
tration becomes: 

Ncu = N v - C + p 0 ( 7 . 36 » 

in which p 0 is the concentration of holes initially present. This equation I 
of course explains why the advance of the p-n front for constant p 0 is slower 
the greater N V c • 

Cu c and Cu 7 + have opposite charges and will attract each other. Ther 
may form associated pairs at the diffusion temperature. Similarly Agr" 
and Gu/ may form such pairs. Although association and nonassociation 
give different concentration profiles, the precision of the experimental 
results does not permit a distinction being made between the two. Arbi¬ 
trarily, association is assumed to occur, and on this basis values of D : . 
the diffusion coefficient, are obtained from the depth of penetration of the 
p-n junction. Experimental values of D T are plotted as a function of tem¬ 
perature in Figure 7.12. It is seen that there is considerable scatter in th~ 
data. It was found that the higher the pressure of sulfur in which the 
crystals had been heated the worse became the scatter, however the maxi- 
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Figure 7.12. The diffusion constant of interstitial copper in PbS when the crystal 
is heated in hydrogen. {After Bloem and Kroger. 3 ) 


mum value of Dr was the same at a constant temperature no matter what 
the previous sulfur pressure was. As a consequence it was assumed that 
the sulfur accumulated in cracks in the crystals and this had to react with 
copper before the p-n front could advance beyond the crack. These cracks 
originate during the growth of the crystal from the melt and as they give 
rise to an estimated amount of sulfur of 10 18 to 10 20 atoms/cc, they clearly 
are of importance and emphasize that the growing of single crystals of high 
perfection is not easy. Whether or not the cracks occur at internal crevices 
or at dislocations or at both, is not clear. This extra sulfur, forming Cu 2 S, 
accounts for the fact that the amount of copper determined by analysis 
exceeds the free electron concentration. The scatter in the diffusion results 
must arise from a variation in the density of cracks. Since the extra sulfur 
retards diffusion, the maximum values of D, are taken to be the significant 
ones and so the line in Figure 7.12 is drawn as shown. It gives the relation: 

D r = 5 X 10 -3 exp( —0.31/fcT). (7.37) 

An activation energy for diffusion of 0.31 ev is small but not unreasonable 
for interstitial diffusion, and the same may be said about the pre-exponen¬ 
tial factor. Thus the following relations have been reported for the diffu¬ 
sion of interstitial Li in Ge and Si: 7 

D = 2.5 X 10~ 3 exp( —,51/fcT) for Ge, 

D = 1.9 X 10“ 3 exp(-M/kT) for Si. 



(7.38) 

(7.39) 
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Most of the runs in which Cu was diffused into the crystals were done 
in H 2 or an inert gas. If, at 300°C, pure H 2 S was used the thermal dissocia- 
ion of this gas provided a sufficient partial pressure of sulfur to convert 
the Cu to CuS, and thus so lower the activity of the Cu that none diffused 
into the crystal. As expected, a crystal made n-type by Cu is reconverted 
to p-type by heating in H 2 S; this removes all the interstitial copper, but 
whether or not the substitutional copper is removed is not certain. If a 
mixture of H 2 S and H 2 is used at 300°C, an amount of Cu enters the crystal 
which can be related to the hydrogen partial pressure on the assumption 
that Cu 2 S is now the stable phase. 

Similarly interstitial Ni acts as a donor in PbS 8 although the diffusion 
is somewhat slower than that of interstitial copper, the diffusion coefficient 
being given by: 

D = 18 exp (-2^. (7.40) 

Cadmium Sulfide 

The Dutch workers have subjected experimental results obtained with 
single crystals ot CdS to the same type of analysis as described above for 
PbS. 9 There were some differences from the PbS work. The larger forbidden 
gap resulted in the possibility of visible fluorescence, but against this added 
source of information was the absence of any hole conduction. Only an 
outline of the results will be given here. 

Crystals of CdS were grown either by reaction between Cd vapor and 
appropriate mixtures of H 2 and H 2 S at 850 to 950°C, or by evaporating 
CdS at 1200°C in a stream of H 2 + H 2 S. Ga, Sb, In and Ag were introduced 
as impurities by evaporating the element or a compound into the ga.** 
stream, and chlorine was introduced from HC1 gas. The crystals occurred 
as thin cross-striped ribbons only 0.03 to 0.1 mm thick. Spectrochemical 
and chemical analysis were used to determine the impurity content. The 
purities were not particularly high (e.g., Fe had a concentration of 2 X 
10 17 — 10 18 atoms/cm 3 , and A1 2 X 10 1 ' — 2 X 10 19 ) and this may account 
for some of the considerable scatter in the results. The crystals were then 
brought to equilibrium by heating in various sulfur or Cd pressures at 
900°C for one to four hours. In this treatment the concentration of foreign 
cations remained constant, but those crystals which contained chlorine 
could not be treated in this way, for chlorine was removed, and as a result 
measurements on these crystals were made without further treatment. 

After quenching, the conductivity and Hall coefficient were measured, 
giving the concentration of current carriers which were always found to 
be electrons. There is evidence that electron conduction occurs in both 
the normal conduction band and an “impurity” or “donor” band. 
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The crystals fell into two classes depending upon the way in which they 
had been treated. For the “pure” crystals, if the Cd pressure during the 
annealing was less than 0.1 atm., then the crystals were virtually insulators 
with a dark resistivity exceeding 10 s ohm cm. When the Cd pressure ex¬ 
ceeded 0.1 atm the crystals showed a conductivity of 0.5 (ohm cm) 1 at 
0.1 atm., and 10 (ohm cm) -1 at 3.7 atm of Cd. The donors were completely 
ionized at room temperature and the electron mobility ranged from 20-300 
cm 2 (volt sec) -1 . The resistive crystals were photoconductive, and by mak¬ 
ing measurements under illumination, the current carriers were found to 
be electrons with mobilities varying from 1 to 200 cm 2 (volt sec) \ 

Similarly the crystals containing Ga could be made insulating or con¬ 
ducting by heating in different atmospheres. However, the conversion point 
occurred at lower Cd pressures (in fact, it happened in a sulfur atmosphere). 
At Cd pressures well above the transition point, the conductivity became 
more or less independent of the Cd annealing pressure and corresponded 
to the Ga content of the crystal, at least for Ga concentrations near 10 19 
atoms cm -3 . Conductivities as high as 1300 (ohm cm) -1 were observed. 
Again the donors were all ionized at room temperature. 

Crystals made in an atmosphere containing HC1 also occurred in a con¬ 
ducting and nonconducting state. If P H ci > 3 X 10 -3 atm, the crystals 
had a room temperature conductivity of 5 to 50 (ohm cm) -1 depending on 

9 * _g 

the pressure of HC1. At lower pressures the conductivity was only 10 to 
10 -12 (ohm cm) -1 . The donors in the conducting crystals were ionized at 
room temperature. 

Some use was made of the optical phenomena associated with the chemi¬ 
cal treatment. At room temperature, pure CdS crystals have a light yellow 
color due to the fundamental absorption beginning at about 5000 A ^ 2.5 
ev. This value, together with an estimate of the decrease of band width 
with temperature and a rather questionable assumption about the differ¬ 
ence between optical and thermal excitation energies, was used to obtain 
K i ^ 2 X 10 32 cm -6 at 900°C, where K t - is the intrinsic ionization constant. 
The crystals containing Ga or Cl displayed a red color due to additional 
absorption near the intrinsic absorption edge. This color can be bleached 
by heating the crystals in Cd vapor and reappears as the sulfur pressure 
is increased; (at high sulfur pressures the color diminishes again perhaps 
because of some association of defects at high concentrations). The red 

o 

absorption occurs near 6000 A and has associated with it a fluorescence at 
7300 A. It is suggested that the absorption is caused by the excitation of 
an electron from tx V c ~ center to the conduction band, and the fluorescence 
is the reverse process. The difference between the two is thought to be 
connected with the difference between the optical and thermal gaps. 

The model used to explain these results is similar to that for PbS. There 
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is a Schottky equilibrium giving anion and cation vacancies which act as 
mnors and acceptors respectively. The donor levels are near the conduction 
)and and so remain ionized, but the acceptor levels are taken to be about 
0.5 ev above the valence band, accounting for the absence of hole conduc¬ 
tion at room temperature. p-Type behavior is predicted at higher tempera¬ 
tures but has not been observed, if only because the crystals in the oxidized 
condition decompose on heating. Thus when the donors are in excess the 
material is n-type, and there is a fairly sharp transition or cutoff when 
the acceptors outnumber the donors, and an insulator results. In the pure 
crystal, the conductivity increases with the Cd annealing pressure as the 
concentration of sulfur vacancies increases. Substitutional Ga and Cl are 
expected to act as donors and do so. The amount of Ga introduced is usu¬ 
ally larger than the concentration of anion vacancies that would arise 
under comparable conditions in a pure crystal, and so, except for the in¬ 
sulating area and the associated transition region at the cutoff, the con- 
uctivity is independent of the Cd pressure and corresponds to the Ga 
content. In the region of the conductivity cutoff it is expected that for 

l V6ry ^ a f t0 , m there is a com Pensating cation vacancy with its charge. 

t/ C -’ ^ concentratl °n of Ga thus produces a high concentration of 
Vc and there is a red color and associated fluorescence due to this center 

High Cd pressure can of course diminish N v - and so bleach the color. 

i ver and other monovalent cations act as acceptors, but again are assumed 

to lie about 0 5 ev above the valence band and so do not give rise to observ- 
able hole conduction. 

A value of K/ was obtained by fitting a calculated curve of electron 
concentration vs. Cd pressure to the experimental results assuming values 
for some constants, and finding K/ by obtaining the best fit. In these i 
experiments Ga-doped crystals were used, and it was necessary to assume 

a small acceptor concentration arising from various impurities. At 900°C 
K s is estimated to be 10 3 and K* about 2 X 10 32 . I 

It is interesting that CdS shows no hole conduction, and Kroger et cd * I 
have suggested that this is because of a high acceptor ionization energy 
arising from a large hole effective mass, m *; (the effective mass of an elec- I 
tron is about ,25m, where m is the free electron mass). They support this I 
with some observations on single crystals of CdTe which, by annealing in I 
various Cd pressures at 900°C, can be made both n- and p-type Agah 
the donors and acceptors are taken to be anion and cation vacancies, re- I 
spectively. The donors are found from measurements of the Hall effect I 
and conductivity at low temperatures to have an ionization energy of I 
.0 13 ev while analysis of the thermoelectric power gives an effective mass I 
or the electrons of ,14m. The ionization energy of the acceptors is about I 
10 times the donor value and the effective mass of the holes is 0.37, thus I 
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for CdTe ( m p */m n *) = 2.65. In PbS, the ratio of effective masses is ap¬ 
proximately unity and the ionization energies of acceptors and donors are 
practically equal, indicating that if the effective masses are the same then 
the ionization properties of the two types of vacancies are also the same. 
However the situation is probably not as simple as this, for according to 
the hydrogen model of donors and acceptors the ionization energy should 
vary directly as the effective mass, and in CdTe it is seen that the variation 
in m* is not enough to account for the difference of ionization energies. 

Barium Oxide 

In recent years a number of papers have appeared describing work at 
Cornell University done in an effort to understand the semiconducting 
properties of BaO. The difficulties in the way of this work have been con¬ 
siderable and it cannot be claimed that the field is yet in a satisfactory 
state. Nevertheless, considerable progress has been made, utilizing a wide 

variety of experimental techniques, and the results will be summarized 
here. 

In common with modern practice, it was decided to use single crystals 
of BaO rather than sintered powder, so that the samples were of known 
geometrical shape and did not have an excessively large surface area. A 
method of growing the crystals was developed 11 in which a BaO seed crystal, 
or an MgO pseudo-seed, was enclosed in a vessel of sintered BaO. After 
degassing and decomposing any hydroxide or carbonate on the seed, the 
crystal was grown by holding the end of the vessel with the seed 20° cooler 
than the rest, while the vessel was heated to about 1400°C in a vacuum. 
The oxide from the sintered walls distilled onto the seed to give a crystal 
several millimeters square and 1 mm thick in 40 hours. If it was grown on 
an MgO crystal, this frequently served as a useful support. The crystals 
could be cleaved and polished for optical work and metallic contacts could 
be evaporated on, although there was evidence that these did not form 
ohmic contacts, and in later work the four probe method was used to meas¬ 
ure conductivity. Since BaO reacts rapidly with moisture in the air, it was 
necessary to perform all operations in a box dried with powdered BaO and 
a tube held at the temperature of liquid nitrogen. 

Tyler and Sproull 12 have measured the optical absorption and photo- 
conductive properties of BaO in the ultraviolet. Strong absorption of light 
commences at a photon energy of 3.8 ev for crystals of widely differing 
purity. Work on thin films shows that the absorption constant rapidly 
reaches the high value of at least 10° cm -1 . There is apparently a second 
increase in absorption near 4.8 ev. Thus the fundamental absorption starts 
at 3.8 ev, but the structure in the absorption curve is not so easily under¬ 
stood. Photoconduction also commences at 3.8 ev but then the response 
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falls off as the photon energy increases, and this does not agree with tk- 
normal expectations arising from the supposition that the first peak in 
the absorption curve is due to exciton production. It may be that the 
photoconduction associated with fundamental absorption is complicate* 
by the influence of the surface since the light is absorbed so close to the 
surface. Indeed, the curve showing photo response as a function of time 
reported by Tyler and Sproull is strikingly similar to the behavior of ZnO. 
where it is known that the effects are associated with the surface. We car. 
conclude, however, that the optical forbidden gap is at least 3.8 ev wide. 
Pell 14 has measured the Hall effect on crystals of BaO, which are found to 
be predominantly n-type. The measurements are not easy since the crystal? 
have a very high resistance, but it was found that at 800 K the electron 
mobility is near 5 cm 2 /volt sec. The later work of Dolloff 1 in which even the 
highest conductivity observed is dependent on the impurity content, show? 
that intrinsic conduction has not been observed. This is expected for the 
energy gap indicated by the optical work, and the upper temperature linn: 

of about 1000°Iv in the experiments. 

Since intrinsic conduction is not observed, much attention has beea 

paid to the control and measurement of impurities or imperfections intro¬ 
duced into the crystals. Dash 16 has measured the optical absorption a 

_ - « .1 • ' J 1. __- ^..1.1 « v\ 


near 
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infrared portion of the spectrum. A crystal as grown is colorless and show* 
no absorption peaks with an absorption constant greater than 0.7 cm 
from 0.5 to 3.8 ev. The crystals may, however, be colored by introducing 
excess barium. Crystals which have been grown by deposition from barium 
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Figure 7.13. Infrared absorption in a red BaO crystal grown 
molten barium. (After Dash. 15 ) 


from solution 
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solution (an alternate method of growth), and which have been in contact 

uth liquid Ba at 700 to 800°C appear red. Absorption curves for such a 

crystal are shown in Figure 7.13. The advance of the red color did not 

oehave like a diffusion process in that the color did not diminish gradually 

toward the center ol the crystal, but rather it ended abruptly and sometimes 

could be seen only near flaws. 1 he origin of this color is not known although 

.t is suggested that it might arise from colloidal barium or an aggregation 
of oxygen vacancies. 

II the crystals were heated in Ba vapor for several hours near 1000°C 
in a vacuum system, without contact with the liquid phase, then a blue 
color was produced. Absorption curves for a blue crystal are shown in 
Figure 7.14. The lower curve is perhaps the most significant and shows a 
peak near 2.0 ev which gives rise to the blue color. There is also a rise in 
the absorption in the infrared rather similar to that displayed by the red 

WAVELENGTH IN MICRONS 



PHOTON ENERGY IN eV 

Figure 7.14. Infrared and visible absorption in a blue BaO crystal heated in Ba 
vapor for about one hour at 1000°C. The bottom curve has been corrected for surface 
scattering and absorption near the fundamental absorption edge (3.8 ev) by sub¬ 
tracting from the room temperature curve the absorption constants of a clear crystal. 

Surface scattering makes the high photon energy region of the corrected curve not 
very reliable. (After Dash. 16 ) 
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crystals, so that whatever gives rise to the red color may also be present 
in the blue crystals. It was also observed that the same blue color could be 
produced by heating the crystals in Al, Mg or Ca vapors, indicating that 
all these treatments produce an excess of Ba in the crystals. The colored 
crystals were found to be electrically noisy and so no very helpful photo¬ 
conductivity data could be derived from them. 

It was also observed that absorption bands at 0.8 and 1.4 ev could be 
produced by ultraviolet or x-ray irradiation at - 160°C. The origin of these 
bands is not known, but they appear to be independent of the 2.0 ev peak. 
Strong x-ray irradiation does, however, produce an effect which leads to 
photoconductive peak at 2.0 ev when the crystal is simultaneously irra¬ 
diated with u.v. in order to excite it. This may mean that x-rays can 

produce the same defects as result from heating the crystals in metal 
vapors. 

It seems possible that the metal vapors could produce (a) metal atoms 
or ions other than Ba in interstitial positions as a result of diffusion in from 
the surface, (b) reduction of the surface by the foreign atoms and migra¬ 
tion ol interstitial Ba into the crystal, or (c) diffusion of oxygen from the 
center to the surface where it reacts with excess metal, leaving oxygen 
vacancies in the crystal. Since various metals give identical absorption 
curves (a) is considered to be unlikely. To distinguish between (b) and (c), 
other considerations must be used and these will now be discussed. 

If it can be shown that the diffusion of the center giving rise to the blue 
color is in no way correlated with the diffusion of radioactive Ba into the 
lattice, then the blue color must come from oxygen vacancies, for the move¬ 
ment of these cannot result in the movement of Ba atoms. 

The diffusion of the blue color has been studied by Sproull, Bever and 
Libowitz. 16 They first colored the crystals uniformly by heating them at 
1120°C for 3 hours in Ba vapor. On heating at 1090°C for 7 minutes in a 
vacuum, the crystals started to bleach. However, the color did not gradu¬ 
ally fade to nothing toward the surface, but ended abruptly at a particular 
point, which is not the behavior expected for a diffusion process. Therefore, 
diffusion of color into the crystals was observed. 

bor crystals without flaws, the color, after a certain time of heating in 
Ba vapor, fell off gradually toward the center, and by measuring the ab¬ 
sorption of 2.0 ev radiation as a function of distance with a microdensitom¬ 
eter, the concentration profile could be fitted to a theoretical diffusion 
curve and D, the diffusion constant, obtained. However, it is not at a:; 

clear why diffusion-in should obey the diffusion law, whereas diffusion-ou; 
should not. 

By coloring the crystals at different temperatures ranging from 800°C 
to 1300°C, the experiments at 800°C taking nearly 300 hours, D was found 
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to obey the relation: 

D = 2500 exp (z^j . (7.41) 

As we will see, this relation bears no resemblance to the results of Reding- 
ton 19 in which the diffusion of Ba was followed. He found activation energies 
for diffusion deep into the crystal of 11 ev and 0.4 ev, but no intermediate 
values. Consequently, it is concluded that the blue color arises from oxygen 
vacancies. 

Since at room temperature the blue crystals have a very low conductivity, 
it is apparent that there are no free electrons, so that the vacancies must 
trap two electrons each. By applying the Smakula formula to the 2.0 ev 
absorption curve, an approximate estimate may be made of the concentra¬ 
tion of absorbing centers, (an oscillator strength of § is assumed). By 
reacting the crystals with water and measuring the hydrogen evolved, the 
excess barium in the crystals can be determined to ±20 per cent. Table 
7.2 shows the results of these measurements on two crystals. While the 
reliability of these results is not high, they serve to show that the imper- 
lections are probably atomically dispersed and not in colloidal aggregates. 

Table 7.2. Comparison of Amounts of Excess Metal in Two BaO Crystals 


Crystal No. 

Ba Vapor Treatment 

Excess Ba Chemical 
(%) 

Excess Ba Optical 

(%) 

1 

1120°C for 5 hrs 

0.04 

0.03 

2 

1050°C for 3 hrs 

0.03 

0.02 


Solubilities have been reported by Timmer 17 for the center giving the 
blue color of 1150 to 1200°C as a function of barium pressure. The concen¬ 
trations were estimated from the blue color using the Smakula formula. 
If Nf is the number of centers per cc, and N g the number of barium atoms/cc 
in the vapor, then it was found that: N f = 1.5 X lO 13 ^ 173 . It was consid¬ 
ered that the J power law indicated that each center gave rise to two elec¬ 
trons at the high temperature. 

The electrical conductivity of clear and colored crystals has been meas¬ 
ured by Dolloff. In these experiments four contact measurements were 
made in a vacuum system from 500 to 1000°K, taking care to eliminate 
spurious surface conduction by hydroxide layers. The crystals were colored 
in Ba vapor in an iron vessel for 6 hours at 1200°C, and were then quenched. 
Absorption curves were determined and showed the expected peak at 2.0 
ev, and also an unexpected peak at 1.2 ev apparently independent of the 
main one. 

Typical conductance curves for clear and colored crystals are shown in 
Figure 7.15. The clear crystals give conductivities which above 680°K vary 
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Figure 7.15. Conductivity of BaO colored and clear crystals as a function of 
temperature. (After Dolloff. 1 *) 

with time, indicating that in vacuum, the donor centers increase in concen¬ 
tration as the temperature is raised. However, the process is very slow 
and the effects produced are not large and the details are not understood. 
For two crystals examined, the low temperature slopes were near 1 ev and 
the high temperature near 0.5 ev, although there were differences of 20 
per cent. 

The colored crystals were first held in a vacuum at 560°K for 3 hours 
and their conductivities were then measured from 500 to 1000°K. Up to 
930°K the behavior was reproducible. Figure 7.15 shows that the con¬ 
ductivity increases with temperature with a slope of about 2.1 ev, and 
although at 850°K the conductivity saturates at a value about 10 4 times 
greater than that for the clear crystals, at 500°K the clear and colored 
crystals have about the same conductivity. At 1000°K in vacuum, the 
crystals bleach and the conductivity returns to within a factor of two of 
that of a typical clear crystal. The bleaching process takes 20 to 80 hours 
depending on the initial concentration and, as reported by Sproull et al. 
(see above), is not a simple diffusion process. 
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Using the Smakula formula and the 2 ev absorption peak, crystals 4 
and 5 in Figure 7.15 are estimated to have an imperfection density of 1.9 X 
10 1 ' and 3.8 X 10 17 cm 3 respectively. These figures may be used with the 
estimated mobility of 5 cm 2 /volt sec to calculate the maximum conductivity 
to be expected. These results are compared with the observed maximum 
conductivities in Table 7.3. In view of the uncertainties in the work, this 
agreement between calculated and observed conductivities is considered 
to be reasonably satisfactory. 




Table 7.3 


Crystal No. 

Calc. Cond. 

Obs. Max. Cond. 

Cond. Ratio 


(ohm cm ) -1 

(ohm cm ) -1 


4 

0.15 

0.5 

3.3 

5 

0.30 

0.76 

2.5 


A discussion is given in Chapter 13 of the electrical behavior of the crys¬ 
tals and the correlation between the blue absorption peak and the center 
giving the 2 ev slope in Figure 7.15. 

In order to study the self-diffusion of Ba in BaO, Redington 19 evaporated 
a thin layer of radioactive BaO onto a BaO crystal face. After heating the 
crystal for a certain time, microtome sections were made of the crystal 
face, and as the sections were removed they were counted, so that the 
distribution of radioactive barium in the crystal was determined. Using 
the standard diffusion equations, the diffusion coefficients could be calcu¬ 
lated. The behavior was not simple. Two temperature ranges could be 
distinguished, one from 1350 to 1500°K, the other from GOO to 1350°K. 
The low temperature range was “structure sensitive,” and here the results 
depended to some extent on whether the crystals were quenched or an¬ 
nealed from the high temperature. Experiments were also done at 550°K 
in which, using the tracer and an electric field applied from barium elec¬ 
trodes, the ionic mobility of one species was determined. The high tempera¬ 
ture diffusion results and the ionic mobility data both indicated that there 
were two processes taking part. Only one of these carried charge, apparently 
with about two electronic charges. It was tentatively concluded that the 
charge-transporting defects were Ba vacancies, and the noncharged defects 
interstitial Ba atoms. In the high temperature range the D ’s were given 
by: 


D = 

D = 


10 


29±7 


exp 



cm 2 /sec for the uncharged species, 


m 3Iifc8 

exp 


12 



2.3 


kT 


cm 2 /sec for the charged species, 


where the activation energies are given in electron volts. In the low tem- 
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perature range the activation energies for diffusion were 0.44 db .03 ev and 
0.3 db .05 ev, respectively. The A,’s or pre-exponential factors depended 
upon the previous history of the samples but were in the range 10 to 

ur’°. 

These diffusion results were interpreted using Mott and Gurney’s expres¬ 
sion: 

D = D» exp[— (W + V)/kT] (7.42) 

♦ 

where W is the energy of formation of an imperfection pair and U is the 
activation energy for motion. From the low-temperature data it is concluded 
that the activation energy for the motion of the interstitial atoms is 0.44 =b 
.03 ev, and for the barium vacancy 0.3 ± .05 ev. From the high-tempera¬ 
ture results, the energy required to form an interstitial Ba atom and a Ba 

vacancy is 23 ± 5 ev. 

These results, however, are not entirely convincing. Do values are usually 
only different from unity by a few powers of ten whereas the high-tempera- 
ture Do values quoted here are about 10 3 °. Although the E values are also 
high, it is questionable as to whether this should result in such large D, 
values. It is also curious that at 550°K the Ba vacancies are charged (pre¬ 
sumably they act as acceptors), whereas apparently all other centers are 
not charged at this temperature. Indeed it is surprising that the only ioniz- 
able centers so far definitely described in BaO (the O vacancies) have a 
high ionization energy. Anion vacancies in PbS and CdS were found to 
have a very low value corresponding to the “hydrogen-like” center (see 
above). Hydrogen-like centers have been found in ZnO (see below), and 
although BaO has a high dielectric constant of 34, there are no reports of 
centers with a low ionization energy. 

Zinc Oxide 

Although ZnO is perhaps the most widely quoted example of a metal 
excess, n-type, semiconductor, it is still by no means thoroughly under¬ 
stood. A great deal of work has been done with sintered material either in 
the form of pellets or as thin films. While certain general conclusions, men¬ 
tioned below, may be drawn from these results, there is wide disagreement 
about the details of the work and precise interpretation is not possible. 
Recently, single crystals of ZnO have become available and although i: 
cannot be said that the behavior of the sintered material is made much 
clearer by this, at least some properties of the single crystals can now be 

defined. 

Crystals of ZnO are grown by a method first described by Scharowsky, 5 * 
working at Erlangen. In this, a mixture of nitrogen and hydrogen is passed 
over metallic zinc at about 600°C, at which temperature the zinc has s> 
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vapor pressure of 1.6 cm. This mixture then reacts with oxygen gas in an 

o\ en at some temperature between 1150°C and 1350°C. The oxygen may 

diffuse in from the open ends of the oven, but it seems preferable to lead it 

in through a central tube. The purpose of the hydrogen is not known but 

it seems to be essential to the growth of sizable crystals; it may merely 

serve to keep the rate of reaction down by reacting with some oxygen, or 

perhaps the local heat developed by this reaction is important. The crystals 

so obtained are usually colorless, long thin hexagonal needles, although 

ribbons also occur. The needles may be several centimeters long but only 

a few tenths of a millimeter in diameter. In the experience of the author, 

the growing ol these crystals is an unpredictable affair which requires con¬ 
siderable patience. 

lor most experiments, crystals of low conductivity are desirable. As 
grown, the crystals usually have a specific conductivity at room tempera¬ 
ture between .01 and 1 (ohm cm) -1 corresponding to an electron concentra¬ 
tion between about 10 15 and 10 17 cm 3 . As the temperature is raised, the 
conductivity of the more resistive crystals often increases quite sharply as 
more centers ionize, and at 700°C the conductivities are near 1 (ohm cm) -1 . 
However, out of about 100 batches grown at the Bell Telephone Labora¬ 
tories, one batch was found to consist of crystals with a room-temperature 
conductivity of less than 0.05 (ohm cm) ! , and the conductivity decreased 
a> the temperature was raised to 700°C. Most of the results reported from 
these laboratories were obtained with these “purer” crystals. The reason 
for their production is not known, although it is considered more likely 
that the donor centers, which can vary from batch to batch, arise from 

imperfections in the lattice produced during growth rather than from chemi¬ 
cal impurities. 

So far, attempts to reduce the base conductivity by annealing in oxygen 
have not produced significant or reproducible effects. The large forbidden 
gap width has prevented the observation of intrinsic conduction. 

The conductivity has been increased by exposing the crystals to zinc 
vapor at elevated temperatures. Scharowsky annealed crystals in Zn vapor 
at temperatures between 600 and 1200°C with a resultant increase of con¬ 
ductivity. For annealing temperatures above about 800°C, the crystals 
acquired a red color. Absorption curves for crystals colored in this way are 
shown in Figure 7.16. It can be seen that the absorption occurs as a shoulder 
on the very steeply rising fundamental absorption curve; (at a photon 
energy of 3.3 ev the absorption coefficient is >10° cm 1 as measured on a 
thin film of ZnO). This color was considered to arise from interstitial 
zinc which was also said to be responsible for the enhanced room-tempera¬ 
ture conductivity, and a rough correlation was found between the two. 
However, there is evidence that whereas most of the excess conductivity 


302 


SEMICONDUCTORS 


WAVELENGTH IN MILLIMICRONS 



Figure 7.16. The absorption spectra of ZnO crystals after various treatments in 
zinc vapor. (After Scharowsky . 20 ) 

can be removed by heating the crystals in air at 500 to 600°C, the color 
remains, 22 so that the situation is perhaps not as simple as it at first appears. 
The color can be bleached in air near 900°C. 

The first donor which did appear to behave in a simple fashion was 
hydrogen. Mollwo 23 first described how, by quenching crystals which had 
been heated in hydrogen, the conductivity was raised, and the luminescent 
properties of the crystal altered. He reported diffusion constants for the 
process, as well as a value for the heat of solution and a pressure depend¬ 
ence law for the solubility. Recently, Thomas and Lander 24 have extended 
the work. Measurements of the conductivity of crystals were made at 
temperatures up to 700°C in pressures of hydrogen ranging from 0.01 to 
100 atmospheres. Reduction of the crystals was avoided both by using wet 
hydrogen and by surrounding the sample with a cap of sintered ZnO, 
providing an atmosphere which, though rich in hydrogen, was in equilib¬ 
rium with ZnO. From the known value of the electron mobility at room 
temperature of 180 cm 2 /volt sec (obtained by Hutson from Hall data), and 
assuming a T 1 mobility variation which approximately describes the 
behavior, the solubility was determined as a function of temperature and 
hydrogen pressure. The results are shown in Figure 7.17; (the straight 
lines were drawn through experimental points shown in another figure of 
the paper by Thomas and Lander). These results refer to the situation in 
which the electrons from the hydrogen more than exceed those already 
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Figure 7.17. The solubility of hydrogen in ZnO as a function of temperature and 
hydrogen pressure. (After Thomas and Lander , 24 ) 


present from the imperfections in the crystal. It can be seen that the con¬ 
ductivity varies as P H2 1/4 . 

If we suppose that each hydrogen atom gives one electron, we may write: 

2H + + 2e~. (7.43) 

Using the usual mass-action equation 

K = # H +W 

P H 2 

Since the hydrogen is in excess, JVh+ = n, so that n should vary as P Hz 1/4 
as it does. The slope of the lines gives the heat of reaction of (7.43), as 
3.2 ev (the reaction is endothermic). When there is only a small amount 
of hydrogen present compared to the other impurities, then the electron 
concentration is substantially constant, and the hydrogen concentration, 
measured as a small difference between the conductivities with and without 
the hydrogen, should vary as P H2 1/2 . This also has been observed. 

The diffusion of the hydrogen in the crystal was measured either by fol¬ 
lowing the change in conductivity that occurs after an abrupt change in 
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hydrogen pressure, or else at lower temperatures by measuring the conduc¬ 
tivity decrease as a crystal quenched in hydrogen is heated in air and the 
donors diffuse to the surface and react with oxygen. Thomas and Lander 
found: 

2D = 0.063 exp( — 0.91/fcT)cm 2 /sec. (7.45) 

Mollwo reported an activation energy for diffusion of 1.12 ev in fair agree¬ 
ment with this value. (Ref. 33 explains the factor of 2 in 2D. The factor 2 
is included, since it is supposed that the defects are ionized and have a 
lower mobility than the electrons.) 

As will be seen, it is likely that interstitial zinc diffuses with an activation 

energy of only .55 ev, and it is perhaps surprising that the motion of a 

hydrogen ion should be more difficult than that of an interstitial zinc ion. 

Because of this it was suggested that the hydrogen unites with lattice 

oxygen ions to form 0—H“ groups which act as donors. The 0—H bond 

now has to be broken if the hydrogen is to move, so that a high energy of 

activation seems reasonable. Indirect support for the existence of 0—H = 

groups comes from the ionization energy of the donor centers which Hutson 

* 1 0 

has found to be 0.051 ev for a donor concentration below 5 X 10 /cc. 
This is a reasonable value for the “hydrogen-like” center in a dielectric 
medium with the properties of ZnO. Now if the hydrogen were to exist as 
an interstitial atom, it is quite possible that it would behave as hydrogen 
does in germanium, and not ionize. Reiss 25 has shown that this is because 
the hydrogen atom is so small that it can fit as a whole into an interstitial 
space and so finds itself in a medium of low dielectric constant and does 
not ionize easily. An O—H“ group, however, would be large enough to 
spread its extra electron over other lattice ions and would have the ob¬ 
served low ionization energy. The possibility of such groups suggests that 
similar behavior might be found for hydrogen in other oxidic semiconduc¬ 
tors. 

The results with hydrogen in ZnO indicate that donors can behave in a 
simple way, and so the complex behavior observed with untreated crystals"* 
becomes more of an enigma. The two obvious possibilities for donors to 
account for the n-type conductivity are interstitial zinc, or oxygen vacan¬ 
cies. Also, chemical impurities and associated defects may play a part and 
some of these may be electron traps. Particular interest is attached to these 
speculations since it is expected that the rate of oxidation of metallic zinc 
and the rate of diffusion of radioactive zinc into ZnO should be quantita¬ 
tively connected with the behavior of the simple “native” imperfections. 
In order to determine the properties of these imperfections electrically, it 
is desirable to be able to introduce and remove them at will. Treating the 
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crystals in oxygen seems to have little effect on the electrical properties, 
and so most of this work has involved treating the crystals in zinc vapor. 

The high-temperature zinc treatment of Scharowsky usually leads to 
colored crystals as mentioned above, but Thomas 22 has found that with 
sufficiently pure crystals, simple behavior can be observed by doping with 
zinc at temperatures between 450 and 700°C. In these experiments, the 
crystals, held in a fine upturned quartz tube, are dipped into saturated 
zinc vapor which is mixed with an inert gas, and then rapidly pulled out 
into the cold gas so that the donors are frozen in. The times required for 
equilibrium to be attained are short, varying from about one minute to 
10 to 15 minutes as the temperature is lowered. Direct measurements of 
the conductivity have been made with the crystals in the saturated zinc 
\ apor. By subtracting out the small base conductivity of the crystals 
measured in oxygen, and by making the same mobility assumptions as 
were made for the hydrogen measurements, the solubility of the donors may 
be determined as a function of temperature. The results are shown in 
igure 7.18, which also shows some data obtained from crystals quenched 
from temperatures corresponding to the points on the graph. This shows 
that the quenching process can be quite efficient. 

Assuming for the moment that the donors are interstitial zinc, the low- 
temperature Hall measurements of Hutson show that up to room tempera- 

DEGREES CENTIGRADE 



Figure 7.18. The solubility of Zn in ZnO from the 


saturated vapor. (After Thomas. 22 ) 


300 


SEMICONDUCTORS 


ture they ionize only once, and there is no evidence of further ionization 
above room temperature, so we may write for the solution process: 


Zn 


liquid 


«=* Zii/ + + e 


(7.46 I 


Since the ciystals are in equilibrium with saturated vapor, the transfer i~ 

really horn the liquid zinc phase to the crystal. The electrons from the 

interstitial zinc are present in excess so the heat of the solution process is 

twice the slope of the line in Figure 7.18, which is 2 X 0.65 =1.3 ev. As 

the heat of vaporization of liquid zinc is 1.23 ev, the heat of solution of a 
gaseous atom is approximately zero. 

The entropy changes in this reaction may be calculated and it is found 
that the vibrational entropy of an interstitial zinc atom has a reasonable 
value if it is assumed to vibrate with the same frequency as the lattice ion. 
In this calculation the partial molar electronic entropy is obtained from 
the Sackur-Tetrode equation: 


S 


ft < In [(?£’NUT I] 


+ 1 + 1 ” 2 


(7.47) 


Here it is assumed that the electron gas is nondegenerate, m* is the effective 

mass of the electron (,54m for ZnO) and V/N is the volume occupied per 
electron. 


In order to determine the diffusional behavior of the donor, quenched 
crystals were rapidly heated in air to a certain temperature, and the con¬ 
ductivity decrease was followed as a function of the time as the donors 
diffused to the surface where they reacted with oxygen. Analysis of the 
resulting curve yielded the diffusion coefficient Dr . By repeating the ex¬ 
periments at different temperatures ranging from 180 to 350°C, it was 
found that: 


2 Dr = 5.3 X 10 4 exp(— 0.55/kT). (7.48) 

1 here was, however, scatter in the results so that the parameters in this 
equation are not known with very high precision. It is interesting to notice 
that at temperatures low enough to give an easily measurable diffusion 
rate, the solubility is too small to be observed. 

Wagner has proposed a well known theory for the rate of oxidation of 
metals. If the oxide forms a coherent skin over the metal surface, then the 
oxidation will be controlled by the solubility and diffusion coefficient of 
the imperfection which is transferred across the film. For metal excess 
semiconductors, the effect of varying the oxygen pressure is predicted to 
be negligible, since, except for extremely small oxygen pressures, the defect 
concentration is very much lower for the material in equilibrium with 
oxygen than with metal. For thick films where space charge effects near 
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the surface may be neglected, Wagner’s theory predicts a parabolic growth 
rate with a rate constant k' given by: 27 

k' 2 Drfi cm 2 sec -1 (7.49) 

where /j is the solubility of the defect in the oxide when in equilibrium 
with the metal, expressed as a mole fraction. For ZnO, Thomas claims to 
have measured both D z and // as a function of temperature and so can 
predict k'. 

The rate of oxidation of metallic zinc has been studied by Wagner and 
Grunewald 28 at 400°C and by Moore and Lee 29 at 370 to 400°C. Wagner 
found a parabolic rate constant independent of oxygen pressure at 400°C 
as expected. However, Moore and Lee found that the rate did fall off as 
the 0 2 pressure fell, although at high pressures changes in the oxygen pres¬ 
sure had little effect. The reason for the disagreement with Wagner’s result 
is not clear. Grimley 30 has suggested that it may arise from trivalent metal 
impurities in Moore and Lee’s zinc. Moore, 31 on the other hand, has pro¬ 
posed that the rate of reaction may be controlled by a slow step involving 
the transfer of an electron from an interstitial zinc atom to an adsorbed 
oxygen molecule, but Thomas found no evidence to support this when 
interstitial zinc diffused to the surface and reacted with oxygen in his 
experiments. We will use the high 0 2 pressure results of Moore and Lee 
which were found to vary with temperature according to: 

V = 3.8 X 10" 7 exp(-1.26//cT) (7.50) 

giving at 400°C, 

k' = 1.8 X 10 -16 cm 2 /sec. (7.51) 

Wagner and Grunewald found at 400°C, k' = 8 X 10 10 cm 2 /sec. (Other 
work quoted by Moore (1956), of which some was done on liquid zinc at 
higher temperatures, gave energies of activation in substantial agreement 
with that in (7.50).) 

The value for k ' calculated from Thomas’ results may be expressed: 

k' = 4.4 X 10 -6 exp(-1.20 /kT) (7.52) 

giving at 400°C, 

k' = 4.7 X 10" 15 cm 2 /sec. (7.53) 

This value falls between the two experimental values, and the energy of 
activation is in good agreement with the observed value. It should be 
added that exact agreement is hardly to be expected because ZnO is not 
cubic and diffusion rates may well be different along different crystallo¬ 
graphic directions. The electrical measurements gave the diffusion rate 




308 


SEMICONDUCTORS 


perpendicular to the c-axis, but the directions involved in the oxidation 
process are not known. 

The properties so far described could be explained either on the basis 
of the imperfection being an interstitial zinc atom, or an oxygen vacancy. 
The low activation energy for diffusion of 0.55 ev indicates that the inter¬ 
stitial zinc is the most likely choice. Thus Fuller and Severiens as noted 
above have obtained 0.51 and 0.66 ev for the activation energy for the 
diffusion of interstitial lithium in germanium and silicon respectively, and 
we have seen that interstitial copper in PbS moves with an activation energy 
of 0.31 ev. An oxygen vacancy movement is accompanied by the motion 
of lattice ions and might be expected to involve a larger activation energy. 
Furthermore Li acting as a donor in ZnO has been found by Lander 32 to 
diffuse with a low activation energy, and this must exist as an interstitial 
atom for as a substitutional impurity it is an acceptor. 

It is likely, although not certain, that the diffusion of radioactive zinc 
onto lattice sites in ZnO is controlled by imperfections. The simplest possi¬ 
bility is that the diffusion is controlled by the motion of interstitial zinc 
atoms, and that the exchange between interstitial and lattice atoms is 
sufficiently rapid to play no rate-controlling part in the process. Under these 
circumstances, the observed diffusion coefficient, D, is connected with the 
interstitial diffusion coefficient, D/, and the interstitial solubility, / 7 , by 
the following equation: 27 

D = 2 DJj . (7.54) 

If Thomas’ results are extrapolated to the high temperature region 
required for the measurements of the self-diffusion in ZnO, predictions can 
be made about D. In one atmosphere of zinc, D is expected to be 2 X 1CT 11 
cm 2 /sec with an activation energy of 0.55 ev. Secco and Moore 34 have 
measured D under these conditions by observing the loss of radioactivity 
from crystals grown from radioactive zinc, after the crystals had been 
heated in inactive zinc vapor. Between 900 and 1025°C they found: 

D = 4.8 exp( —3.2//cT)cm 2 sec -1 (7.55) 

which gives a value of D at 1000°C of 1.6 X 10 -12 cm 2 sec -1 . It happens 
that this figure is not far from the expected value, but the energy of activa¬ 
tion is in poor agreement with the predicted value, so that we have to con¬ 
clude that the imperfection observed at low temperatures does not control 
the high temperature self-diffusion. Secco and Moore made an estimate of 
the excess zinc present in their crystals by quenching from a particular 
temperature, and titrating the excess against iodine as the crystals dissolved 
in hydrochloric acid, fi was now determined, and so, using (7.54), Z> 7 was 
found: 


D/ = 4 X 10 2 exp(—1.8 /kT) 


(7.56) 
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and this is in apparent agreement with some unpublished data on the rate 
of coloration of ZnO crystals in Zn obtained by Arneth at Erlangen. How¬ 
ever, the accuracy and significance of the excess zinc determinations are 
certainly questionable and the situation is not yet clear. Indeed, Moore 
and Secco do not exclude the possibility that the self-diffusion process is 
controlled by the lattice-interstitial exchange rate. 

Measurements of the self-diffusion in sintered ZnO have been made in 
air by Lindner el aV b who found: 

D = 1.3 exp ( — 3.2/kT) cm 2 sec -1 . (7.57) 

This is in unexpected agreement with the value obtained in zinc vapor for 
if interstitial zinc does control the process, it would be anticipated that 
diffusion would be much slower in ZnO in contact with air than with zinc 
vapor since // would be smaller. However from the profile of the advancing 
radioactivity, Roberts and Wheeler 36 have concluded that grain boundary 
diffusion predominates in the sintered material, so that direct comparison 
with results from crystals is not possible. 

It is perhaps not surprising that the low temperature electrical results 
cannot be extrapolated to high temperatures, for if crystals are quenched 
irom zinc vapor above about 800°C, the simple behavior reported by 
Thomas no longer occurs. As described above, the crystals become colored 
and more conductive. The author has found that the excess conductivity 
can be removed by heating in air near 550°C, and this diffusion process has 
an activation energy of about 1.5 ev, which is about three times that re¬ 
ported for the donor introduced at lower temperatures. Furthermore, the 
color is not bleached at 550°C; instead it seems to give rise to enhanced 
conductivity above about 800°C, and at this temperature in air it begins 
to diffuse out. Pohl at Erlangen has also observed a high activation energy 
for the diffusion of donors introduced at high temperatures. 37 

If it is agreed that the low-temperature treatment does introduce inter¬ 
stitial zinc, then one of the other centers may be an oxygen vacancy. The 
color may arise from a center which absorbs light of an energy almost equal 
to the forbidden band gap width, but it also seems possible that imperfec¬ 
tions or associated imperfections may be present in sufficient quantity to 
distort the lattice so that the tail of the fundamental absorption curve is 
extended into the visible region. The red color which the crystals acquire 
when they are hot arises from the contraction of the forbidden gap as the 

• • 38 • 

temperature is raised. It is likely that the high-temperature treatment 
introduces little or no interstitial zinc because the high electron concentra¬ 
tion present from other sources suppresses the interstitial zinc solubility, 
as was observed for hydrogen when present in small concentration. Hence 
further electrical work seems necessary at high temperatures before a cor- 
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relation can be expected between the properties of the imperfections and 
the self-diffusion data. 

Sintered Zinc Oxide 

The work with sintered zinc oxide has not yet yielded any very definite 
conclusions about the properties of this material and so only a very brief 
discussion will follow. A more complete survey can be found in a paper by 
Hahn. 26 Above about 450°C the conductivity of a sintered sample increases 
rapidly with temperature with slopes varying between .7 and 1.2 ev. In 
this region the conductivity varies more or less reversibly with oxygen pres¬ 
sure, and so it is concluded that the donors are arising from an intrinsic re¬ 
action of the lattice with the atmosphere. However it is not unanimously 
agreed that the production of donors is the only process controlling the 
conductivity; the donors may not be completely ionized 39 and mobility 
corrections are not known. Hahn has discussed how the presence of grain 
boundaries may affect the results, and although chemically pure crystals 
are available there have been no reports so far of their conductivity being 
controlled in a reproducible fashion by heat treatment in different oxygen 
pressures. Whatever the donors are in the sintered material, they are clearly 
not just those reported by Thomas and called by him “interstitial zinc,” 
for if they were they would be expected to diffuse out in air at an appreci¬ 
able rate below 350°C. 

Below room temperature, electrical measurements on the sintered samples 
indicate that there are present donors with ionization energies varying from 
0.02 to 0.05 ev depending on the previous treatment of the material. Al¬ 
though these energies are in the range of those reported for the simple 
donors in single crystals, the figures are not sufficiently consistent to warrant 
making any definite conclusions about the centers that may be present. 
We have mentioned above that self-diffusion determinations have been 
made at high temperatures on sintered ZnO, but so far no estimates of the 
diffusion rate of the donors have been made from electrical measurements. 

While the complete explanation of these phenomena appears to be dis¬ 
tant, it is suggested that the part that surface conduction has to play in the 
sintered material is by no means insignificant. The importance of the sur¬ 
face properties and oxygen pressure on the photoconductivity of zinc oxide 
is well known, 40 and zinc and hydrogen have also been found to produce 
considerable surface conduction, easily observed, on single crystals. Some 
of these effects may arise from the presence of absorbed oxygen removing 
conduction electrons from the crystal as suggested by Miller, but in order 
to explain the magnitude of the conductivity changes observed on single 
crystals, it is necessary to assume that there are donor atoms at the surface 
which give electrons to the crystal forming an enrichment type space charge 
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layer. 43 In effect, there is a nonstoichiometric surface producing n-type con¬ 
ductivity in the crystal. It seems not unlikely that in the sintered material 
with a high surface-to-volume ratio, such surface effects might be important 
and might be subject to the influence of the ambient gases, particularly if 

these contained reducing agents. 
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CHAPTER 8 


GROUP IV SEMICONDUCTORS 

T. H. Geballe 

INTRODUCTION TO GROUP IV SEMICONDUCTORS 

The elements of Group IV which show semiconducting properties— 
C (diamond), Si, Ge, and Sn (gray)—all crystallize in the diamond-type 
lattice with each atom tetrahedrally surrounded by 4 nearest neighbors. 
The diamond lattice shown in Figure 8.1 can be thought of as two inter¬ 
penetrating face-centered cubic lattices displaced from each other by 
\ a in each direction. The electronic bonding giving rise to this type of con¬ 
figuration can be understood, following Pauling, by the hybridization ol 
* and p atomic orbitals to form sp 3 tetrahedrally-directed bonds. While 
this type of calculation gives useful information about ground state prop¬ 
erties, it is not so suitable for describing excited states, where, for example, 
a certain fraction of the covalent bonds is broken and transport of electrical 

charge is possible. 

For this reason most of the progress in understanding the semiconduct¬ 
ing properties has come from a quantum mechanical model of the solid 
semiconductor, the “band model,” first presented by A. H. Wilson in 1931. 1 
The band model focuses attention, in so far as electrical conduction is 
concerned, upon the properties of the electrons which have been pro¬ 
moted to nonlocalized energy states. These energy states exist in quasi- 
continuous bands which are separated from each other in energy. The 
general features of these bands were derived by Sommerfeld and co¬ 
workers in the early days of wave mechanics, and are discussed in Chapter 1. 
There it is shown, using the one-electron approximation, that from two 
extreme approaches—namely, tight binding where the electrons are con¬ 
sidered to be in atomic orbitals, and almost free electrons in a weak periodic 
potential—that the allowed energy levels turn out to occur in quasi- 

continuous bands. 

Though these ideas were formulated and accepted in solid state physics 
in the 1930’s, it was not until the past few years, after the advent of high 
purity single crystals of germanium and silicon, that they could be quan¬ 
titatively investigated. This is because the concentrations of electrons and 
impurities critical for displaying important semiconducting properties are 
less than can be controlled or measured by ordinary chemical techniques, 
even though there are no stoichiometric problems connected with the 
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Figure 8.1. Model of the diamond lattice, composed of two interpenetrating face- 
centered sub-lattices (shown as open and shaded respectively) displaced from each 
other by 1/4 a, 1/4 a, 1/4 a. There are two atoms per unit cell. Each atom of one sub¬ 
lattice is te trailed rally surrounded by 4 atoms of the other sub-lattice. {After Shock- 
ley. 2 ) 

preparation of these elemental crystals. Therefore, it was not until the 
development ol important new chemical and metallurgical techniques* 
that it was possible to make controlled studies. Since this breakthrough, 
many experimenters have joined in closing the 20-year gap between theory 
and experiment. The resulting avalanche of papers concerned with the 
electrical, magnetic, thermal, optical and mechanical properties of ger¬ 
manium and silicon has greatly increased our knowledge of the energy- 
band structure, and of the equilibrium and transport properties which we 
propose to discuss here. For obvious reasons then, we will confine most of 
this chapter to describing the progress that has been made in understanding 
germanium and silicon. 


INTRINSIC ELECTRICAL PROPERTIES OF GERMANIUM AND SILICON 


Energy Bands 

The bands which we wish to discuss here are the sets of energy eigen¬ 
values, Ei , of the wave equation 


Ji 


87r 2 //? 


V 2 + 7(r) 


i/^O) = E n f n (r) 


( 8.1 


for mobile charge-carriers (electrons) in the crystal. F(r) is the potential 
acting 011 the electron represented by the wave function \p n ( r), h is Planck * 
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constant, V 2 the Laplacian operator and m the mass of an electron in free 
rpace. The assumption that a one-electron approximation is valid, that is, 
*hjit the Schroedinger equation for the whole crystal can be approximated 
y a set of one-electron equations of the type (8.1) means that each elec¬ 
tron is considered to be moving in the average potential of all the other 
rcirticles.* The core electrons and their nuclei are taken together as fixed 
»os and the valence electrons are assumed to be moving in the potential 
* these fixed ions and the average potential of the other valence electrons. 
If the potential, F(r), is chosen to have the periodicity of the crystal then, 
' first shown by Bloch, the eigenfunctions have the form, in 3 dimensions, 

^ n (k, r) = u„(k, r) exp ^'kr (8.2) 

-rhere u n ( k, r) has the translational periodicity of the lattice. As pointed out 
in connection with Eq. (1.7), these eigenfunctions are known as Bloch 
■*-aves. The wave vector k turns out to be a constant of motion or a “good” 
. lantum number and therefore can be used to label the various allowed 
energy states. 

The allowed energy states occur in bands which may be separated by 
■energy-gaps.” These bands arise as follows; each k„ which satisfies the 
quantum conditions imposed on Eq. (8.1) and (8.2) gives rise to a dis- 
Tete set of energy levels E n (k), which, if the crystal lattice spacing could be 
expanded, would approach the atomic energy levels. A similar set of levels 
' obtained at k n + <5k n . If <5k„ is small (much less than a reciprocal lattice- 
vector) f the new discrete set of levels will be very close in energy to those 
: the first set. In this way the discrete levels belonging to each k„ will 
i arm into bands of allowed energy states giving the electronic energy spec¬ 
trum. Experimental evidence for the existence of such bands in the lighter 
dements is given by soft x-ray emission spectra. 5 

The spectrum for germanium, in particular, consists of a number of 
leep-lying widely spaced lines, (or narrow core bands), corresponding to 
transitions from the Is, 2s, 2p, 3s and 3d core electrons which lie below 
■he valence and conduction bands. It might be worth a slight diversion to 
point out that this description in no way conflicts with the valence-bond 
picture of equivalent tetrahedrally-arranged electrons. The Bloch waves 
i Eq. (8.2) can be superimposed to localize the electrons spatially in the 
periodic manner indicated by Figure 8.1. What the band picture does add 
' the definite distribution in energy and momentum for these electrons, 
■fie band energy spectrum. Furthermore, for the two descriptions to be 

* Many of the band concepts can be derived from less restrictive assumptions 
than the one-electron approximation; see, for example, paper by Kohn. 4 

t W annier 6 gives a clear discussion of reciprocal lattices, reciprocal lattice vectors 
and their relation to propagation of waves (x-rays or electrons) in periodic structures. 
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consistent, the lowest band above the core bands, which is designated as 
the valence band, must contain just enough states to accommodate the 

four s and p valence electrons of each atom. 

The allowed values of k can be conveniently described in momentum 
space using as coordinates hk x , hk y and hk 2 (or, in reciprocal-space using 
k*, k y and k 3 as coordinates.) The values of k in the first Brillouin Zone* 
are known as “reduced wave vectors.” They are used to characterize all 

the electronic energy states in the pure crystal. 

The k values of most interest in so far as many semiconducting proper¬ 
ties are concerned are those near the maximum energy state of the valence 
band and the minimum energy state of the conduction band. These ex¬ 
trema are referred to as “band edges.” The early theoretical work on semi¬ 
conductors made the simplifying assumption that the edge of the band 
n (n = valence or conduction band) occurs at k = 0, and that near k = 0 

one finds 



where m* is some sort of effective mass (footnote, p. 321). The magneto¬ 
resistance experiments of Pearson and Suhl 7 in 1951 cast doubt on the 
validity of this simple “spherical model” (the term “spherical model” 
is used because by (8.3) the constant energy surfaces are spheres in mo¬ 
mentum space). They found, for instance, a large longitudinal magneto¬ 
resistance which should be zero in the spherical approximation. 

A number of papers on quite different phenomena have been published 
since 1952 which have given information about the detailed band structure. 
These include interpretation of the germanium magnetoresistance data 
by Meiboom and Abeles 8 and Shibuya; 9 similar data and analysis for silicon 
by Pearson and Herring, 10 cyclotron resonance experiments by Dressel- 
haus, Kip, and Kittel 11 and Lax, Zeiger and Dexter, 12 infrared and inter¬ 
band magneto-optical studies 13 and piezoresistance measurements by 
Smith. 14 All these results together with extensive calculations of Herman 
and co-workers 15 lead to a well-defined energy band spectrum for ger¬ 
manium and silicon. The results of both experiment and theory can be 
illustrated in two dimensions by plotting energy as a function of k for 
different directions in reciprocal space. This is done in Figure 8.2, starting 
from the center and proceeding to the edge of the first Brillouin Zone in 
the [100] and [111] directions. In order to preserve the cubic symmetry 
equivalent crystallographic directions must, of course, be the same. 

* The first Brillouin Zone is the polyhedron in reciprocal space corresponding 
to the unit cell of the crystal. There is one allowed value of k in the first zone for 
each unit cell in the crystal; the allowed values are uniformly distributed. 
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Figure 8.2A. Energy as a function of wave vector k for the [111] and [100] direc- 
lions in germanium. (After Brooks. 16 ) The curves are estimated from theory and 
various experiments. Accurately known energies are specified. 

(a) Thermal free energy gap at 300°K (p. 332). 

(b) Gap at k = 0 is 0.803 =h .001 ev. from Lax. 13 

(c) From infrared absorption data on Ge 16 . 

(d) From infrared absorption data on Ge-Si alloys 16 . 

(e) Symbols denote symmetry at k = 0 16 . 

Another way of displaying useful information is to plot a curve of con¬ 
stant energy near the band edge in an appropriate plane in k-space; 
nat is to plot constant energy curves for low-energy electrons and low- 
energy holes. Such curves are shown for germanium and silicon in Figure 
S.3. The simple spherical model giving rise to an isotropic effective mass 
assumed in the “early” (i.e., prior to 1952) theoretical work, and in Chap¬ 
ter 1, would appear as circles centered at the origin in Figure 8.3. It is 
found that the edge of the valence band in both Ge and Si does occur 
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Figure 8.2B. 
tions in silicon. 


Energy as a function of wave vector k for the [111] and [100] di 
(After Brooks. 16 ) 


surface? 


are “warped” spheres. The edges of the conduction band, however, occur 
in four crystallographically equivalent positions at the center of the hex¬ 
agonal faces of the Brillouin Zone in Ge, and in six equivalent positions 


a are 

ocal- 


space; this is a so-called “many-valley” situation. 


equi- 


librium properties, permits one to calculate instantaneous velocities and 
accelerations of electrons and holes subjected to external fields. The scatter¬ 
ing processes must be understood, in addition, in order to calculate trans- 
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Figure 8.3A. Upper; constant energy contours or valleys near the conduction 
and edge projected on the (010) plane in k space for Ge. The band edges shown as 
heavy dots are on the zone boundary in the (111) directions which means th ^e a-re 
actually four valleys. In the projection shown here the valleys in the (Oil) and (01 ) 
Dianes lie on top of each other. Lower; cross section of a constant energy contour 
near the valence band edge of germanium in the (010) plane showing schematical y 


:he light and heavy mass holes. 


port properties. The f-th component of velocity of an electron of wave 
vector k is given by the familiar equation for group velocity 



Using this equation, it can be shown, (for example, Ref. 17, p. 288) that 
under the influence of an applied external force F, k changes at such a rate 

that 



Because of this relation, hk is called “crystal momentum”; its time rate of 
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Figure 8.3B. Upper; schematic of constant energy contours or valleys around the 
conduction band edges in silicon. The six ellipsoidal valleys in the (100) direction 
are evident. Lower; cross section of a constant energy contour near the valence band 
edge in silicon in the (110) plane. (After Dexter , Zeiger and Lax. 12 ) 


change is equal to the applied external force. The time derivative of Eq. 
(8.4) gives the f-th component of the acceleration 



1 d 2 E( k) dkj 

fi j dki dky dt 



which by (8.5) can be written 

dV{ _ 1 

dt i rriij 



where 

J_ 1 d 2 E( k) 

mu h 2 Skidkj 



( 8 . 8 ) 
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i? the effective mass tensor. This tensor is the generalization of the scalar 
effective mass ra* of Eq. (1.10) when the simple spherical energy surfaces 
replaced by the more general type corresponding to the situation ob¬ 
taining in germanium and silicon.* 

The cyclotron resonance experiments provide direct information about 
band structure near the band edges. Classically, a moving electron in a 
magnetic field will rotate around an axis parallel to the field with a natural 
cyclotron frequency co c . This is determined by the balancing of the effec¬ 
tive centrifugal force and the Lorentz force, and is given by the usual 
cyclotron equation 


♦ “ 



^ vH 


or 


v 


CO, 


(8.9) 



qH_ 

m*c 


If an r.f. electric field is applied transverse to i/, then the electron in ad¬ 
dition to its rotational cyclotron frequency will undergo oscillatory motion 
at the frequency of the applied electric field, co. If this frequency is equal 
to the cyclotron frequency, i.e., co = co c , then the electron will spiral in an 
increasing orbit in the plane perpendicular to H. If r is the mean free 
time, or time between collisions, the radius of the electron orbit will in¬ 
crease, and it will absorb energy from the electron field for a time the order 
of t. Providing r > l/co c this type of interaction gives rise to resonance 
absorption of power from the electric field. A more complete analysis is 
given by Dresselhaus, Kip, and Kittel. 11 In high purity germanium and 
silicon at liquid helium temperatures, the conditions for cyclotron reso¬ 
nance are met; r ^ 10/co c . Furthermore, the skin depth is greater than 


x It is rather remarkable that the interaction between the electron, lattice, and 
external force F can be reduced to an interaction between the electron and F by so 
simple an artifice as the effective mass. The impulse F dt given to the electron and 
lattice in the time dt by an external force F causes an increase in the total momen- 
*um of the electron and lattice equal to h(kt+dt — k*), that is, to the increase in crys¬ 
tal momentum. This increase in crystal momentum is shared between the electron 
and lattice because of their interaction through the periodic crystal potential. How 
the momentum sharing takes place is unimportant because it is the total crystal 
momentum which is conserved in electron-electron, phonon-electron, and some 


phonon-phonon collisions. For example, consider a single electron with, for sim¬ 
plicity, an isotropic m*, subjected to a force F for a time At. Then, as stated by Eq. 

S.o), the total increase in momentum, which is equal to FAt, is ftAk. The increase in 
momentum of the electron—though not useful in considering semiconducting prop¬ 
erties is important when the lattice and electrons are examined separately such as is 
done in the Tolman effect experiments 18 — mAv, by (8.6) and (8.8), is m(hAk/m*). Sub¬ 
traction gives the increase in momentum of the unconstrained lattice as Av(m* — m). 
A further discussion given by Kittel. 19 
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MAGNETIC FIELD IN OERSTEDS 

Figure 8.4. Typical cyclotron resonance results in germanium near 24,000 Mc/set 
at 4°K. Power absorption vs. static H for H in an orientation in the (110) plane a* 
60° from a [100] axis. (After Dresselhaus, Kip and Kittel .“) 

normal sample dimensions so that the r.f. field penetrates throughout the 
sample. Figure 8.4 shows a recorder trace of the power absorbed from the 
microwave field as the static magnetic field H is increased. 

From the position of the resonance peak, an effective mass is directlr 
calculable since it is the only unknown in Eq. (8.9). For the orientation at 
the magnetic field with respect to the crystal axes shown in Figure 8.4. 
five different resonances or masses are observed. The identification of the 
resonance peaks, as being caused by either electron or hole absorption., 
can be inferred from magnetoresistance data. For n-germanium it has 
been possible, in addition, to identify the peaks directly in a cyclotron 
resonance experiment by using a circularly-polarized r.f. field. Electrons 
carrying a negative charge are rotated around the magnetic field in ©in¬ 
direction and will absorb chiefly when that component of circularly pol¬ 
arized electric field is incident (for spherical bands they would absorb on/jr 
for one component); positive holes for the same reason will absorb chiefly 
from the opposite component. 

If the effective masses calculated from the three electron peaks in Fig¬ 
ure 8.4 are plotted as a function of the angle through which the magnetic 
field is rotated in the (110) plane starting from a [100] direction, the three 
curves shown in Figure 8.5 are obtained. The points are experimental, and 
the curves are calculated using the many-valley model of Figure 8.3. 
The constant energy surfaces of each valley (shown in Figure 8.3) are- 
prolate ellipsoids characterized by a transverse effective mass m x and a 
longitudinal effective mass ; thus in the f-th valley, centered at km-. 
koj,, ko 2 
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-.he ellipsoid and the band edge, or lowest state, is at k 0 * , U , k 0z . in tne 
transverse directions the effective mass is isotropic; the energy varies rela¬ 
tively rapidly with k x , and k„ (m x is small). In the longitudinal direction 

the energy varies relatively slowly (wi|| is large). 

In the cyclotron resonance experiment, the combined electric and mag¬ 
netic fields act on the electrons of valley i. The cyclotron frequency, de- 
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Figure 8.5. Effective mass of electrons in Ge at 4°K for magnetic field direc ion. 

( HO) plane. The curves are calculated from Eq. (8.12) by choosing m h 1.58m 

m = .082m. (After Dresselhaus, Kip and Kittel. 11 ) 
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Figure 8.6. Effective mass of electrons in Si at 4°K for magnetic field directions 
in a (110) plane. The theoretical curves are calculated from Eq. (8.12) by choosing 
mu = 0.98m and m x = 0.19m. (After Dresselhaus, Kip and Kittel . n ) 

where H makes the same angle with the longitudinal axis of more than 
one valley. The qualitative features of Figure 8.5 are sufficient to es¬ 
tablish the correctness of the model shown for germanium in Figure 8.3. 
For instance, when H is in the [001] direction it will make the same angle 
with all valleys lying along the [111] directions and only one resonance 
peak will be observed; this is clearly the case. Furthermore, as long as H 
is kept in the (110) plane, the valleys whose longitudinal axes are in the 
(llO) plane will make the same angle with H , so that they will contribute 
only one peak (Figure 8.5, curve b). The actual fit to the points in Figure 8.5 
is made by choosing mu = 1.58m and m ± = 0.082m and solving for m* in 
Eq. (8.12). The extreme values of m* are for angles such that either sin * 
or cos 6 = 0 and so give direct values of m ± and . 

The conduction band of silicon is, in a similar manner, found to consist 
of many valleys. The analysis 20 of the data in Figure 8.6 again using the 
same equations, shows that the longitudinal axes of the valleys lie in the 
[100] directions and that mj| = 0.98m, and m ± = 0.19m. 

In the above analyses the classic equations of motion are used to deter¬ 
mine the force on the electron. It can be shown that this procedure is cor¬ 
rect providing the bands are “parabolic,” so that the effective mass in 
any given direction remains constant and electrons of varying energy have 
the same cyclotron frequency. This situation has been found to hold in 
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the conduction bands for as far out in energy as it has been tested in 
cyclotron resonance experiments. 

The valence bands are more complicated. The theoretical calculations 
of Herman 16 suggest that the band edge is at k = 0, but that it is triply 
"degenerate” with the symmetry of atomic “p” functions. (This p-like 
character also follows from Kimballs’ valence bond calculation shown in 
Figure 1.6.) The meaning of “degenerate” here is that for the same value 
of k there exists more than one solution to the Schroedinger equation (8.1) 
with the same energy; that is, two or more bands have the same energy 
for the same value of k. Note that the concept of “overlapping bands” often 
invoked to explain phenomena such as the electrical conductivity of the 
alkaline earth metals requires only that two bands have some common 
energy states for different values of k, a much less stringent requirement. 
Including spin, the degeneracy at k = 0 should actually be sixfold; how¬ 
ever, it has been pointed out 21 that this degeneracy will be partially re¬ 
moved by spin-orbit interaction. The spin-orbit interaction is similar 
to the atomic case where the magnetic field associated with the spin of the 
electron interacts with the magnetic field associated with the orbital mo¬ 
tion of the same electron and splits the J = \ state from the J = f state. 
This means the band edge at k = 0 will be fourfold degenerate (including 
spin) corresponding to the p-state with angular momentum J = §. This 
degeneracy will be partially lifted (only the twofold degeneracy due to 
-pin remaining) as one departs from k = 0. Both bands are occupied in 
p-type materials giving rise to “low” and “high” mass holes. 

The cyclotron resonance frequency cannot be calculated from the clas¬ 
sic equations of motion, as was the case for the nondegenerate parabolic 
surfaces in the conduction band, except in the limit of large quantum 
numbers. However, approximate quantum mechanical solutions have been 
obtained. 22 These give energy surfaces of the form. 

E( k) = A k J ± [B 2 k 4 + C\ k„V + k„V + k z \ x 2 ] m 18.13) 

The ± signs give two values of E(k) for each k, namely the heavy and light 
mass valence bands. Roughly speaking, the holes in germanium have 
masses m t = 0.04m and m h = 0.3m; in silicon, m t = 0.16m and m h = 
0.5m, where the subscripts l and h stand for light and heavy. In ger¬ 
manium, the splitting due to spin-orbit interaction is 0.28 ev (Figure 8.2A): 
i.e., the band corresponding to the J = § level is 0.28 ev lower in energy 
for electrons (or higher for holes) than the upper valence band. There¬ 
fore, it is not normally occupied by holes even in strongly p-type material. 
This is because thermal energy of ~.026 ev at room temperature is not 
sufficient to break bonds so far down in the valence band so as to free 
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holes in this lower band. In silicon, however, the spin-orbit splitting b 
only about 0.035 ev so that the split-off band is occupied in a strongly 
temperature dependent manner around room temperature. It will be 
seen later that the two different mass holes are important in analyzing 
transport processes in p-type germanium and silicon. 

The results of the experimental and theoretical evidence that can be 
brought to bear on the valence band structures of Ge and Si is summarized 
in Figures 8.2 and 8.3. The direct transition from the valence band to the 
conduction band at k = 0 can be observed in the transmission of infrared 
radiation. 23 In a magnetic field the absorption oscillates as a function erf 
magnetic field. This “infrared-magneto-optical” (I.R.M.CO effect, or 

# 13 

“oscillatory-magneto absorption” is understandable in terms of the 
“Landau” levels (the analogue of the Zeeman levels formed in the atomic 
case) formed in the magnetic field. 24 Whenever the incident photon energy 
corresponds to the separation in energy between Landau levels in the con¬ 
duction band, and valence band, infrared radiation of the proper frequency 
is absorbed and a transmission minimum occurs. These experiments will 
be discussed further in Chapter 10. 

Lattice Vibrational Spectrum 

Thermal energy causes the individual nuclei of the crystal to oscillate 
about their equilibrium lattice sites. These lattice vibrations can always 
be resolved into normal modes which, to the extent that the oscillations 
are harmonic, (i.e., to the extent the potential wells in which the nuclei 
are vibrating involve no 3rd or higher order terms in the displacement* 
are noninteracting elastic waves.* The normal modes are characterized 
by an angular frequency (or energy hu) and wave vector f q (or mo¬ 
mentum ftq) which specifies the direction of propagation of the mode (rf 
wave length 27r/q. 

The crystal vibrational energy at any temperature is the sum of the 
energy distributed among the various normal modes. This energy sum 
is central to the calculation of lattice specific heat and other thermodynamic 
properties of the lattice. The details of the lattice vibrational energy spec¬ 
trum are also important when considering semiconducting properties 
For high-purity materials most of the scattering processes which are im¬ 
portant in determining the transport properties involve interaction between 
the charge carriers and the normal modes. Another way of stating this is 

* See for example J. C. Slater “Introduction to Chemical Physics,” Chap. 13 and 
14, New York, McGraw Hill Book Co. Inc., 1939. 

t The reader should not be confused by the use of q as the unit of electric charg- 
as is done throughout the book and q which is used in this chapter on occasion for 
the magnitude of the phonon wave vector. 
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that the energy-band considerations ot the previous section uppry 
•>erfectly periodic crystal; thermal vibrations represent the major depar¬ 
ture from perfect periodicity. The vibrational spectrum is also important 
in understanding the optical properties of semiconductors which will be 
discussed in Chapter 10. We will also consider in the section on thermal 
transport properties some nonequilibrium phenomena which give in¬ 
formation about the interactions of the normal modes with each other 
,nd with the mobile charge carriers. Recent experiments have shed a con- 
-iderable amount of light on the lattice vibrational spectra of germanium 
nd silicon with the result that they are probably more quantitatively 

understood than any other crystals. 

The general features* of a vibrational spectrum are similar to the elec- 
tronic energy-band structures which have been discussed. Boundary condi¬ 
tions limit the wave vectors q of the normal modes to a finite set of values, 
one for each unit cell in the lattice. These values are uniformly distributed in 
the volume of reciprocal space occupied by a unit cell, that is, in the first 
Brillouin Zone. The magnitude of q is confined to the first Brillouin Zone 
Decause wave lengths shorter than an interatomic distance cease to have 

P*> vsical significance. 

Since there is one allowed value of q per unit cell and three degrees ol 
freedom for each of the two atoms comprising the unit cell of the diamond 
lattice, there are six allowed vibrations for each wave vector; the sequences 
of allowed vibrations are known as branches of the spectrum. In the long 
wave-length limit (q -> 0), the vibrations are divided into two classes, 
depending on whether the two atoms in the unit cell vibrate together or in 
opposition. The former class is referred to as “acoustical modes,” and the 
fatter as “optical.” The acoustic waves are the usual sound waves for 
which u = cq, where c is the velocity of sound. The two lower frequency 
ieoustic branches are characterized by a transverse polarization for small 
a and are referred to as “transverse”; for an analogous reason the higher 

i* m _x* U v\ 


•energy Ul CKjL lull 1U 1 vyx VZ* * ~ ~ - 

-he other hand, the frequencies of the optical branches do not go to zero 

- th a. The three members of the optical branch can be characterized as 


longitudinal 
- ranch 


Alllii- in T * --o * •111 

portance in polar crystals (where they can be excited optically, hence 

_ . «i t y'-'J 1 i 1 


the name) and are discussed in detail m tmaprei 10 . 

The details of the spectrum can be illustrated in two dimensions by 

plotting energy or frequency as a function ol wave vector for certain di¬ 
rections in the Brillouin Zone. This is shown in Figure 8.7, using for pur- 

• For amplification of the concepts used here refer to any standard text, for ex¬ 
ile, Ref. 6. 
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Figure 8.7. Lattice vibrational spectrum of Ge in the [100] and [111] directions de 
termmed by the scattering of cold neutrons. The lowest curve in each direction is 
the doubly degenerate transverse acoustic branch. (After Brockhouse and Iyengar .«) 

poses of illustration the [111] and [100] directions of the zone in germanium. 

The experimental and theoretical evidence on which Figure 8.7 is based will 
be discussed shortly. 

The vibrational energy contained in each mode is quantized. The al¬ 
lowed values are the same as for a harmonic oscillator of the same fre¬ 
quency, namely (n + !)ftco, where n is a positive integer or zero. At thermal 
equilibrium, n is given by 


<e5> exp Hw/kT — 1 (8.14) 

where the subscript eq stands for the thermal equilibrium value of n ; 
thus the vibrational energy contained in the mode q of frequency cc at 
thermal equilibrium is (Planck’s Law) 



Kco 

exp fiu/kT — 1 


(8.15) 


In terms of the wave picture the vibrational amplitude of the normal mode 
is proportional to E(u) m . As T increases, E («) -* kT, the equipartition 
value. The vibrational amplitude increases as T m , and the nuclei oscillate 
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—'-'re violently about their equilibrium positions. However, the nuclear 

^placements will generally remain small compared to the internuclear 
stance so that the 3rd order and higher potential terms remain small 
ind the concept of weakly interacting normal modes remains useful. 

It is convenient to describe the excitation of the normal modes in quan- 
. im mechanical terms. The normal modes, neglecting the 3rd order terms, 
ire harmonic oscillators and are quantized accordingly. The mode q can 
iecept energy in units of hw( q) . These units are called “phonons.” Note 
mat there is a similarity between the electronic energy-band spectrum 
~" e P- 315) and the lattice vibrational spectrum. In each case, bands of 
Jlowed levels are derived from a set of discrete “atomic” levels as a re- 
-ult of the periodic crystal potential. However, the occupancy of the states 

different, the former being governed by Fermi-Dirac and the latter by 
Bose-Einstein statistics. The phonon concept is a convenient way of think¬ 
ing about electron lattice-vibration interactions because the conditions 
i energy conservation and momentum conservation are easily coneived. 
Note however that there is no conservation of phonons as particles; inter¬ 
actions between normal modes (which require inclusion of nonharmonic 
-1 ms in the equations of motion of the lattice) involve the disappearance 
of one phonon and the creation of two others, for example. The important 
conditions are that hu> be conserved, and h q be conserved within a recipro¬ 
cal lattice vector. Eq. (8.14) can be reformulated by stating that it speci¬ 
fies the number of phonons at thermal equilibrium which occupy the 
quantum state q of energy tua. 

The details on which higure 8.7 are based can now be discussed briefly. 
The initial slopes of the acoustical branch are determined by velocity of 
sound experiments. 26 The energy of the optical branch at q = 0 is given 
by cold-neutron diffraction experiments. 25 The intersection of the trans¬ 
verse acoustical branch with the zone edge in the [111] direction corre¬ 
sponds to an energy of about 90°K. It is the energy of the phonon at the 
band edge and has been independently measured by Haynes 27 in an analy¬ 
sis of radiation recombination, by MacFarlane et al. 2S in an analysis of 
infrared absorption, and by Brockhouse and Iyengar, using cold neutrons. 26 
The latter authors also show that this spectrum is consistent with measure¬ 
ments of the low-temperature specific heat of the lattice and the infrared 
absorption by the lattice. 

Intrinsic Conductivity and the Energy Gap 

Intrinsic electrical conductivity occurs because of the finite equilibrium 
concentration of mobile electrons and holes which are present in the semi¬ 
conducting crystals at any temperature above absolute zero. 

In the energy-band description, thermal energy forms electron-hole 
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pairs by exciting electrons from the top of the valence band to the bottom 
of the conduction band. The dynamic equilibrium which, in fact, exists 
is the result of constant creation and recombination of electron-hole pairs 
such that at any given temperature the product of their concentrations l? 

constant. x . u 

An important parameter, introduced in Eq. (1.12) is N(E), the number 
of electronic quantum states per unit energy per unit volume. It is pro- 
portional to the rate of change with respect to energy of the volume en¬ 
closed by the constant energy surfaces in momentum space shown m lg- 

ure 8.3. The generalization of Eq. (1.12) is 


N(E) 


4lTV 


j . 2 ) 112 (E — E c ) 1/2 dE 


(8.16' 


for the conduction bands of germanium and silicon where v is the number 
of valleys in momentum-space (4 for germanium; 6 for silicon) and 


N(E) 


47r 

¥ 


+ (2 m h ) v \E - E c r dE 


1/2 


(8.171 


for the valence bands of germanium and silicon. It is customary to define 
a “density of states effective” mass m (A0 so that Eq. (8.16) and (8.17) can 
be written in the form that an isotropic effective mass would take, that 

is, in the form of Eq. (1.12) 

N(E) = 


47T 

w 


(2 m w f\E - E c r dE 


1/2 


(8.18) 


where for the conduction bands 


m 


(AO 


v 2, \mfn 2 ) m 


(8.19) 


and for the valence bands 


m 


(AO 


[m? 12 + mr] 


3/2i2/3 


( 8.20 


The equations of Chapter 1 which treat the occupation of the states of 
the conduction and valence bands in terms of Boltzmann statistics are 
now valid for germanium and silicon provided is used in place of m 
For instance, it was shown that for the purpose of statistical computation 
it is possible to replace the distribution of levels in the band by a single 
level at the band edge with a degeneracy N c for the conduction band, and 
N v for the valence band. Equating the number of electrons m the con- 

duction band 


n 



oo 


N(E) exp (E — E F )/kT dE — N c exp (E, 


E F )/kT (8.21 
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to the number in the fictitious but convenient level at E c fixes 

/ (AT) \ 3/2 

N c = 2{2irmkT/hy' 2 (8.22) 

_Y r is, of course, given by the same expression except m (A) is given by Eq. 
8.20) instead of (8.19). When the cyclotron masses given on pp. 324-5 are 
substituted into expressions (8.19) and (8.20), the second bracket in Eq. 
8.22), (ra (AO /ra) 3/2 , can be calculated. This is the factor by which the free- 
mass equations of Chapter 1 must be multiplied in order to be applicable 
to germanium and silicon. If the numerical operations are performed, one 
obtains* for Ge 


n = 0.412 A exp [— (E c — E F )/kT ] 
p = 0.216 A exp \—{E f — E v )/kT]. 

Similarly one obtains for Si f 

n = 1.13 A exp [— (E c — E F )/kT] 
p = 0.458 A exp [— {E F — E v )/kT] 


(8.23) 


(8.24) 


where 

A = 2 = 4-84 X 10 U T 3/2 (8.25) 


is the “free mass” coefficient. 

For intrinsic material where ni = pi = {np) h ~ the combination of Eq. 
(8.23) gives for Ge 


m = 0.299 A exp [-(E e - E v )/kT] (8.26) 


and the combination of (8.24) gives for Si 

m = 0.719 A exp [~(E C - E v )/kT] (8.27) 

In the next section on transport theory, experimental equations (8.43) 
and (8.44) will be obtained for rii which have the same form as (8.26) and 
(8.27). The theoretical coefficient in front of the exponent can be made to 

* Expressions for equilibrium concentrations given here and elsewhere are, of 
course, thermodynamic relationships. The application of the law of mass action 
and equilibrium constants in obtaining the equations given here is discussed in 

Chapter 5. 

t The value of 0.458 is somewhat greater than one obtains when the indicated nu¬ 
merical operations are carried out if the heavy hole band is characterized by a spher¬ 
ical energy surface with m h = 0.5. If fourth order terms are included as indicated in 
Eq. (8.13), the value of 0.458 is obtained. See Ref. 63 for more details. 
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agree with the experimental coefficient by assuming that the energy gap 
(E c — E v ) — E G varies linearly with temperature as pointed out by Pear¬ 
son and Bardeen. 29 Thus, 

E 0 (T) = (E c - E v ) = EM + (^j T (8.28) 

The substitution of (8.28) into (8.26) and (8.27) adds an extra temperature 
independent factor 



which is determined by making the theoretical and experimental values 
of the temperature independent coefficients (the equilibrium constants) 
agree. E o (0) is known as the “thermal energy gap,” which from Eqs. (8.43' 
and (8.44) becomes 30,31 for Ge 

E 0 ( 0) = 0.785 ev (8.29) 

and for Si 

E 0 ( 0) = 1.21 ev (8.30) 

The value of the temperature coefficient of the gap at constant pressure 
becomes 30 

4.4 X 10~ 4 ev/degree for Ge (8.31 

4.1 X 10^ 4 ev/degree for Si (8.32' 

The values of (E c — E v ) at room temperature are thus 0.66 ev for ger¬ 
manium and 1.09 ev for silicon. 

Brooks has shown that the temperature variation of the gap can not be 
accounted for merely by the change in lattice constant with temperature. 
The pressure variation of the gap has been measured for Ge by Paul 
and Brooks, 32 and the temperature coefficient of the gap is given in terms 
of this by the thermodynamic relationship 

(W) r - (W). + (£), (wl (§1 

The experimental value of the right hand term in Eq. (8.33) for Ge is 
— 0.78 X 10 -4 or not nearly enough to account for the observed value of 
(dE 0 /dT ) P , (Eq. 8.31). The coefficient (dE 0 /dT ) v , which represents the 
explicit temperature dependence of the gap arising from the interactioo 
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between electrons and lattice vibrations 33 is evidently quite important. 
For silicon the measured pressure coefficient of the gap is opposite in sign 
and alone predicts a small positive temperature coefficient of the gap which 
is evidently overwhelmed by (dE 0 /dT) v . 

It is of interest to compare “thermal” and “optical” values for the 
energy gap, however the optical data requires a good deal of interpreta¬ 
tion. The absorption corresponding to the true energy gap requires partici¬ 
pation of the lattice as discussed in Chapter 10. The optical values for the 
gap and their temperature coefficients are in good agreement with the 
thermal values (see Ref. 16, p. 122). 

THE EFFECT OF IMPURITIES AND IMPERFECTIONS 

The electronic energy bands represent the only quantum states which 
would appear in a perfect crystal. Real crystals, however, possess various 
types of imperfections. Some of these imperfections are electrically inac¬ 
tive and can be found and studied only by special techniques which usually 
do not involve the semiconducting properties directly (see for example in 
Chapter 10 the discussion of infrared studies of oxygen in silicon). Other 
imperfections, which are “electrically active,” introduce quantum levels 
in the energy gap between the valence and conduction band edges. These 
levels are split off from the bands due to the presence of the imperfection. 
I nlike the bands where the charge density is uniformly spread throughout 
the crystal, the split-off states are localized about the imperfection. Such 
imperfections have a profound influence on the electrical properties. They 
can be chemical impurities that are substitutionally or interstitially in¬ 
corporated into the lattice, or physical imperfections such as dislocations 
and vacancies. 

The simplest type of level, and the type which is understood the best, 
is that caused by the introduction of a substitutional Group III or Group 
\ element into the lattice. 34 The resulting acceptor (Group III) or donor 
(Group V) state has been discussed in Chapter 1. The fact that in silicon, 
boron and phosphorus occupy normal silicon sites, that is, are “substitu¬ 
tional,” was indicated by x-ray studies by Greiner 30 who measured the 
lattice constant as a function of impurity concentration. More recent work 

3 6 

by Horn, who compared x-ray diffraction, precision density determina¬ 
tions, and electrical and analytical results, establishes that boron is sub¬ 
stitutional up to 0.3 atom per cent in Si. There is strong evidence that all 
Group III and V elements are incorporated substitutionally in the ger¬ 
manium and silicon lattices. The concentration range in which these im¬ 
purities can be introduced in a controlled manner varies over six orders 
of magnitude from less than 1 atom in 10 9 to more than 1 atom in 10 3 . 
This impressive range is within relatively easy experimental control. It 
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affords a unique opportunity for study of any interactions between the im¬ 
purity atoms and the host lattice, as well as between the impurity atoms 
themselves. Some of the latter type interactions have already been dis¬ 
cussed in Chapters 5 and 6; they are also important in “impurity-interac¬ 
tion” phenomena discussed below. However we will be concerned at first 
with very dilute solutions where the impurity atom interacts only with the 
host crystal; in practice this requires an (electrically active) impurity 

* 7 

concentration of less than one part in 10 . 

“Shallow” Impurity Levels 

Consider a Group V donor atom, e.g., arsenic, located at a normal ger¬ 
manium site and surrounded only by germanium atoms in normal sites 
for about 100 or more lattice distances in each direction. The arsenic ion 
core, and four of its valence electrons, behave almost like the germanium 
atoms surrounding them. These four electrons are sufficient to fill the 
available states in the valence band. The fifth arsenic electron can go into 
the conduction band. In the conduction band the electron is free to wander 
throughout the crystal, leaving the arsenic ion at its site with a single 
positive charge. This charge exerts a force so that the energy of the crystal 
is slightly reduced if the electron becomes bound to the As + ion. 1 his 
“localized” one-electron state thus lies below the conduction band and is 
said to be “split-off” from it. For Group III and Group V impurities the 
localized level is only slightly lower in energy than the band edge, hence 
the name “shallow” impurity level. If no thermal energy were available 
(at 0°K) the electron would most certainly be in the localized level; at 
temperatures which in practice turn out to be the order of 20°K in ger¬ 
manium or 70°K in silicon the statistical weight of the more numerous 
nonlocalized conduction band levels overwhelms the small energetic ad¬ 
vantage of the localized level. 

The simple “hydrogenic” model of the localized levels has been dis¬ 
cussed in Chapter 1. The surprising agreement of the ionization energy 
predicted by the hydrogenic model with experiment is due to the extremely 
large orbits of the ground state (the radius is ~ , 45A for Ge; 20A for Si . 
However, the hydrogenic model is too crude to explain the data quanti¬ 
tatively. For example, the hydrogenic model predicts the same ionization 
energies for impurities belonging to the same column of the periodic table. 
The variation of the observed ionization energies (Figure 8.11, 8.12; for 
example, note the Group III acceptors in silicon) has been interpreted" 
in terms of the breakdown of the effective mass approximation in the 
immediate neighborhood of an impurity where the variation of the po¬ 
tential energy may be rapid. 

To understand impurity states associated with donors in Si and Ge it is 
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Figure 8.8. Electron-spin resonance lines in silicon containing As and P at a fre¬ 
quency of 9,000 Mc/sec. The microwave signal is shown as a function of magnetic 
field. The As quartet and the P doublet correspond to the possible orientations of 
their respective nuclear spins with respect to the applied magnetic field. The line 
widths are broadened by interactions of the electron with Si 29 nuclei. The free carrier 
signal was obtained simultaneously from another sample. (After Feher , 38 ) 

necessary to take into account the many-valley nature of the conduction 
bands of these crystals. The shallow states lie close in energy to the bottom 
of the conduction band. In fact, if the electron is followed in its orbit over 
short distances it behaves as if it were in a Bloch state near the band 
edge; over longer distances it is slowly modulated by the weak coulombic 
interaction of the donor ion. The donor state wave functions are constructed 
from Bloch states at the band edge multiplied by a modulating function 
which itself obeys an effective mass equation. 34 There is a degeneracy in 
the ground state associated with the fact that the Bloch wave can be 
chosen from any of the several valleys. Group theoretical methods 37 show 
that the fourfold degenerate state of germanium will be split into a singlet 
and a triplet state; whereas the sixfold state of silicon will be split into a 
single, doublet, and triplet. 

A great deal of information has also been obtained about the ground- 
state wave functions of the donor states in silicon from low temperature 
electron-spin resonance experiments. These experiments measure values 
of the hyperfine interactions between the localized donor electron and 
nuclear moments with which it interacts. The hyperfine interaction is 
proportional to the square of the electronic wave function at the positions 
of the nuclei. Figure 8.8 shows the microwave absorption in a cavity con¬ 
taining two silicon samples. One containing 10 18 phosphorus atoms per 
cm 3 provides free carriers. The other containing 5 X 10 15 arsenic and 
5 X 10 15 phosphorus atoms per cm 3 shows the hyperfine interactions re¬ 
sulting from interactions of the localized electron with the arsenic (nu¬ 
clear spin I = \) and phosphorus (/ = nuclei. The electron interacts 
not only with its own donor nucleus but also with randomly situated 
Si 29 nuclei, the only silicon isotope with a nuclear moment (4.7 per 
cent abundant). The resonance lines in Figure 8.8 are inhomogeneously 
broadened due to the variation of the local field as a result of the many 
possible configurations of Si 29 nuclei. 

38 

Feher has developed a technique involving electron-nuclear double 
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Figure 8 9 Results of electron-nuclear double resonance (“Endor”) technique. 
The microwave signal is shown as a function of frequency. Each line corresponds to 
the resonance frequency of an Si» nucleus at a particular site relative to the P donor. 

(After Feher . 38 ) 

resonance (“Endor”) which increases the resolution obtainable in ordinary 
paramagnetic resonance experiments by several orders of magnitude. 
Figure 8.9 shows the microwave signal which results as the radio frequency 
is varied, using this technique. Each line is caused by the hyperfine inter¬ 
action between a donor electron and a Si 29 nucleus at a fixed distance from 
the donor atom, and yields a value of the square of the ground-state wave 
function at that specific lattice site for a phosphorus donor in silicon. The 
assignment of the observed frequencies to specific lattice sites and the 
construction of the donor wave functions has been carried out for Li, P, 

Sb, and As in silicon. 38 

Electron spin resonance has not been observed for the shallow (near 
the band-edge) acceptor states in silicon nor for any shallow states in 
germanium. It has been observed for deep-levels in Ge where the square 

of the wave function of the impurity atom is quite large. 

Infrared absorption measurements, which give valuable information 
about excited states of the donor and acceptor atoms in silicon, are avail¬ 
able. This work and its theoretical implications will be discussed in Chap¬ 
ter 10. 

The Ionization Equilibrium 

The equilibrium between an electron in a localized state about a donor 
atom and the dissociated state, 

D -> D + + e" (8-34) 

can be followed as a function of temperature by measuring the Hall con¬ 
stant as a function of temperature. As discussed in Chapter 1, (Eq. 1.50 
and 1.51) the reciprocal of Hall constant is proportional to n, the concen¬ 
tration of mobile charge carriers. In practical units, 

R = OH x — cm 3 per coulomb. (8.35 

M d m 

The ratio of Hall mobility to drift mobility, Mh/mb > differs only slightly 
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from the unity for reasons discussed in the next section; for the present 
purposes this difference can be safely ignored because the variations in n 
will cover many decades. 

Eq. (8.35) was checked experimentally by tracer studies almost as soon 
as high purity germanium became available. 40 The concentration ol radio¬ 
active Sb 124 added to a high purity w-type crystal was measured by count¬ 
ing techniques and compared with the electron concentration determined 
from the measured R H near room temperature, where the equilibrium of 
8.34) is known to be almost completely to the right. Over the measured 
range of concentration, from 10 lJ to 5 X 10 17 antimony atoms per cm , 
the electron concentration was in agreement with the measured atom 

concentration, within the experimental error. 

Having thus established the reliability of Eq. (8.35), it can be used to 
follow the equilibrium (8.34) as a function of temperature. A family of 
such curves is shown in Figure 1.24 for a series of silicon samples with dif¬ 
ferent concentrations of arsenic atoms. 

In order to gain insight into the statistical nature of the equilibrium 

(8.34) consider the spectrum of energy states depicted in figure 8.10. 
The justification for using such a simple model is its good agreement with 
the experimental results. Figure 8.10 corresponds to the common situa¬ 
tion arising from a dilute solution of donor atoms partially compensated 
by acceptor atoms. Because the acceptor levels lie many units of kl below 
the Fermi level at all temperatures, they will be completely occupied; 
to the extent they are present (and occupied) the sample is referred to as 



STATISTICAL WEIGHT 

Figure 8.10. Simplified energy level diagram for an n-type sample with nonin¬ 
teracting donors and acceptors. For statistical purposes the conduction and valence 
bands can be considered as single energy levels providing their degeneracies N c and 
N v are properly chosen. (See Eqs. 8.22 to 8.25.) 
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“compensated.” In normal high-purity material the background compen¬ 
sation usually runs between 1 and 10 per cent. (An unusual example where 
it is less is shown in Figure 1.19.) We are left with the problem of distribut¬ 
ing N d — N a electrons between the available donor and conduction band 
states. 

This problem is specifically discussed on p. 27 where the appropriate 
statistics are developed and illustrated. However, the proper degeneracies 
to be used with each of the levels in Figure 8.10 need clarification. The spin- 
degeneracy of 2 in the conduction and valence bands is increased further 
because of the “many-valley” structure of the conduction band and the 
light- and heavy-mass valence bands which have been discussed earlier in 
the chapter. The correct band degeneracies N c and N v are obtained by us¬ 
ing the “density of states” effective masses m (Ar) which are defined and 
evaluated numerically on p. 331. The total degeneracy to be used with the 
donor and acceptor levels, however, is not so clear-cut at the present time. 
The degeneracy, g , to be used with the Fermi functions, Eq. (1.17), is the 
ratio of the number of ways the state can be occupied to the number of 
ways it can be unoccupied.* The spin degeneracy, g 8 , thus becomes 2 for 
a Group V donor state and | for a Group III acceptor state. However, 
the additional degeneracy of the ground state, (excluding spin) of the 
impurity atoms, or the number of ways it can be unoccupied, has not 
been clarified. The fourfold degeneracy of donor states in Ge due to their 
construction from Bloch states from the four valleys in the conduction 
band is split into a singlet and a triplet. The extent of the splitting, and 
which state is lower is not yet known, therefore the degeneracy could be 
1, 3, or 4. However, indirect evidence (p. 340) suggests the ground state is 
the triplet. An analogous situation applies to the ground states of donors 
in silicon. 

The solution of the statistical problem posed in Figure 8.10 is given by 
the Fermi function for the number of electrons on the N D donor atom' 


n D 


_ Nd_ 

1 + ^ [exp (E d 


Er)/kT] 


(8.36) 


where the spin factor 2 is explicitly included, and g is the remaining de¬ 
generacy of the ground state donor level, including all levels within ~kT 
of it. As long as the Fermi level remains a few units of kT away from the 

* The energy of the level instead of being independent of the state of occupancy, 
as is the normal condition for using Fermi-statistics, is completely dependent on 
the occupation; the above definition permits the use of Fermi statistics. A general 
discussion of the fundamental problem can be found elsewhere. 41 
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conduction band, classic statistics* govern the occupation of the conduc¬ 
tion band, and we can take over the results on p. 331 for n. The solution 
follows from the condition of charge neutrality and has been demon¬ 
strated on p. 29. Taking over Eqs. (1.32) and (1.33) in slightly different 
form allows one to obtain an explicit expression for the equilibrium con¬ 
stant for ionization (8.34) 


•^■ionization TlN d + /N z)° 


n(n + N A ) 
(Nd - N a - n) 


Nc 

2 g 


(8.36A) 


exp [ — {E c — E D )/kT] 


where N D o is the density of un-ionized donors and N c is given by Eqs. 
(8.23) and (8.24). 

By the process of curve-fitting experimental Hall data over a wide 
range of temperature as in Figure 1.25, the parameters E c — E D , N D 
and N a of Eq. (8.36A) can be determined explicitly because fortunately 
there are temperature regions where the fit depends uniquely on certain 
of them. One of these regions is at low temperatures, where for germanium 
and silicon one almost always encounters the situation discussed in con¬ 
nection with Eq. (1.34), i.e., n <K N A and N D . Then Eq. (8.36A) simplifies 
to (1.34) so that the ionization energy, (E c — E D ), of the ground state is 
determined. In high-purity germanium and silicon the ionization energies 
for Group III and Group V donors and acceptors are reproducible to one 
or two per cent. The Fermi level remains “locked” on the impurity level 
with temperature changes sufficient to vary the concentration of charge 
carriers over six or more orders of magnitude. In the saturation range at 
higher temperatures (N D — N A ), the excess concentration of the majority 
impurity atom, is uniquely determined. Thermal energy throughout the 
saturation range is sufficient to ionize all but a negligible fraction of the 

excess donors so that n = constant = N D — N A • 

Going back to Eq. (8.36A) for the low temperature situation where 

w « AG , one can write 



(8.36B) 


where N A is the only remaining unknown if the g in the expression for K i 
is known. It turns out that the “knee” of the curve where the bulk of the 


* Note that the word “degenerate” unfortunately has come to have more than 
one meaning. In addition to speaking of the degeneracies of the levels, as we have 
been doing, the sample is spoken of as “degenerate” when classic statistics can no 
longer be applied. It is also used with reference to bands as discussed on p. 325. 
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electrons are moving from impurity levels to the conduction band is par¬ 
ticularly sensitive to the value of “g,” or equivalently, what can be called 
the “experimental mass parameter” used to fit the Hall curve, namely, 
m <*> / g 2l \ The experimental mass parameter for Group V donors in Ge ^ 
has been found to be between 0.25 to 0.30, and this fixes g to between 2.5 
and 3.3 (excluding spin). Since the theoretical values of g are limited to 
1, 3, or 4 the experimental data favors the triplet as the ground state for 
all Group V donors in Ge. The value of g = 4 cannot definitely be excluded 
because there is no exact fit to the curvature at the knee, possibly because 
at the upper (higher temperature) part of the knee the split off ground 
state is being populated and the degeneracy is changing. There is inde¬ 
pendent evidence from acousto-electrical measurements of Weinreich* 
that the splitting between the singlet and triplet is large (~0.002 er 
which when combined with the above reasoning indicates that the triplet 

state is the ground state. 

Deep-Lying Impurity Levels 

Many elements other than those in Group III and Group V of the periodic 
table introduce energy levels between the valence and the conduction band 
of germanium. Only Li, which apparently enters the lattice interstitially 
(see Chapters 5 and 6), produces a shallow donor level comparable to 

Group V elements. 

Hydrogen, which has been shown in Chapter 6 to dissociate and diffuse 
monatomically, is electrically inactive. Reiss 43 has suggested that this 
effect is due to the small size of the H atom compared to the interstice 
which it occupies. Thus the macroscopic dielectric constant does not act 
to reduce the ionization energy as effectively as it does for larger atom?. 
Kaus 44 has refined and extended Reiss’ calculation to include other inter¬ 
stitial atoms. He finds a very critical radius within which the wave func¬ 
tion is essentially that of the free atom perturbed slightly by the crystaL 
and beyond which the wave function is that of the “shallow level dis¬ 
cussed in the previous section. Nitrogen has so far not been found to pro¬ 
duce any electrical effects. The solubility of nitrogen in the crystal under 
the growth conditions may be too small to obtain a detectable concentra¬ 
tion. _ 

The transition metals which have been investigated are electrically ac¬ 
tive. Their very low solubility makes it experimentally difficult to associate- 
observed electrical effects with specific elements. It is possible, for ex¬ 
ample, for a trace impurity in the doping impurity to end up in greater- 
concentration in the crystal than the doping-impurity itself. However. 

* Private communication. I am also indebted to Dr. Weinreich for a clarifying 
discussion of the significance of the Hall data. 


GROUP IV SEMICONDUCTORS 


341 



Figure 8.11. Energy levels of donors and acceptors which have been found to lie 
between the valence and conduction bands of Ge. The ionization energy indicated 
:n ev is required to produce what is presumed to be the ionic state shown, and is 
measured from the nearest band edge, i.e., from the conduction band in the upper 
half of the diagram and from the valence band in the lower half. References to origi¬ 
nal work are given by Brooks 16 except for the recent work of Newman and Tyler 45 
and Tyler. 46 

by careful experimental techniques, it has been possible to associate 
fairly definitely the various observed ionization energies shown in Figures 
8.11 and 8.12 with energy levels introduced by the elements indicated. 

In general, for germanium the transition elements occupy substitutional 
lattice positions (though they seem to diffuse by an interstitial mechanism 
as discussed in Chapter 6) and according to the generalizations of Wood- 

^ 4 7 

bury and Tyler ' tend to add electrons in order to complete their tetra¬ 
hedral-bonding arrangement with the four nearest germanium atoms. 
This means that multiple acceptor levels are formed. For example, ele¬ 
ments with an s 2 configuration accept one electron at a level several hun¬ 
dredths of a volt above the valence band and then a second electron at a 
somewhat higher energy. Thus, in an n-type sample of Ge (excess of 
Group V element) Zn, Cd, Mn, Ni, Co, and Fe may be doubly-charged 
and Cu and Au may be triply-charged. 

The number of levels associated with a given element and their loca¬ 
tion with respect to the nearest band edge can be found from Hall measure¬ 
ments on a series of samples doped with the element being investigated 
and counter-doped with Group III or Group V elements in such a way 
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Figure 8.12. Energy levels of donors and acceptors taken from Collins and Carl¬ 
son 51 which have been found to lie between the valence and conduction bands of Si 
indicated using the same scheme as for Ge in Figure 8.11. 


that the Fermi level can be swept through the energy gap from the valence 
band to the conduction band. The statistics governing the occupation of 
the levels are similar to the single-level situation considered on p. 336. 
Consider, for example, measurements of copper in germanium. 4 ' An energy 
level is observed in pure material doped only with copper at about 0.04 
ev above the valence band corresponding presumably to Cu - . If, however, 
copper is diffused into arsenic-doped germanium such that the As concen¬ 
tration is between one and two times the copper concentration a higher 
lying copper level (Cu - “) is exposed at 0.34 ev above the valence band as 
shown in Figure 8.13. 

In Figure 8.14 the curves for a sample containing an As concentration 
between two and three times the Cu concentration, and for a sample where 
the ratio is greater than three are shown. These curves show, respectively, 
an acceptor level (Cu ) 0.28 ev below the conduction band, and no 
other acceptor levels up to the arsenic donor level which is 0.013 ev below 
the conduction band. The three-level scheme has recently been inde¬ 
pendently confirmed by radiochemical analysis of the solubility of copper 
in n- and p-type germanium. 48 The charge on the various levels can also 
be inferred from the amount of ionized-impurity scattering because (as 
will be discussed in following pages) ionized-impurity scattering is pro¬ 
portional to the square of the charge on the scattering center. (See for 
example Ref. 36, particularly measurements on Zn-doped Ge.) 
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Figure 8.13. Hall coefficient vs. T~ l for a Ge sample which contains between 1 and 
2 times as much As as Cu. The sample remains p-type; the Fermi level locks on the 
Cu _ ~ level 0.34 ev above the valence band. (After Woodbury and Tyler. 47 ) 
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Figure 8.14. Hall coefficient vs. T~ l for n-type As and Cu doped samples of Ge. 
For Si 13 which has between 2 and 3 times as many As atoms as Cu the Fermi level 
locks on the Cu level 0.28 ev below the conduction band. For sample S105G all 
the Cu levels are full and as the temperature is lowered the Fermi level sweeps across 
the top half of the energy gap (eventually at lower temperatures it reaches the As 
level). (After Woodbury and Tyler. 47 ) 

Other experiments involving ion-pairing (Chapter 5) confirm the exist¬ 
ence of multiply-charged scattering centers. The results for gold are similar 
to copper, except that, in addition to the three acceptor levels, a donor 
level corresponding to the ionization of the single s electron and the for- 
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mation of Au + is found 0.05 ev above the valence band. This “amphoteric” 
nature of Au in germanium had been studied in an extensive investigation 
by Dunlap. 49 Gold exists in five (-3, -2, -1, 0, +1) different states of 
ionization in germanium, the particular state or states present depending 
of course upon the position of the Fermi level. Sulfur, selenum and tellu¬ 
rium also act as deep donor impurities in Ge. 46 Cu has been found to drift 
as a positive ion in an electric field at elevated temperatures. 60 Presumably 
this reflects the motion of interstitial copper. However, no donor levels 
in the energy gap have been found. This is consistent with arguments pre¬ 
sented in Chapter 5 which indicate a low equilibrium concentration of 
interstitial copper. 

The results for Si (Figure 8.12) are somewhat similar to Ge. The purity 
of Si until recently has not been as high as Ge; particularly the presence 
of oxygen (Chapter 10, p. 474) in Si has complicated interpretation. Brooks'* 
has pointed out that the smaller interatomic distances in Si may displace 
the energy levels in the gap upwards so that one would not expect to find 
the same number and type of levels for an element in Si as in Ge, as might 
be inferred from the simple tetrahedral model. Zinc, however, does seem 
to behave similarly in both cases. 61 

The problem of determining ionization energies for all the elements even 
in one semiconductor is of course an enormous experimental task. The 
results presented above represent only a small fraction of the work that 
has been done. Very little theoretical work has been successful in calculating 
wave functions for the deeply-bound levels. As yet there is not even a 
simple hydrogen-like or helium-like model on which one can base crude 
estimates of expected ionization energies. 84 

ISOTHERMAL TRANSPORT PHENOMENA 

In this section we consider the steady-state transport of charge and 
energy by mobile charge carriers drifting or diffusing under the influence 
of applied electric and magnetic fields or thermal gradients. Such problems 
are well known and can be described by the Boltzmann transport equa¬ 
tion. In the steady state condition to which the discussion here will be 
restricted, one considers the competition between the applied fields 
or forces trying to remove electrons from their equilibrium distribu¬ 
tion /o(k) and the effect of the interactions or collisions always present 
which try to return the distribution /(k) back to/ 0 (k). The reader is referred 
to standard texts 52 for a discussion of the steady-state solution. In what 
follows, the theoretical comparisons with experimental results will be based 
upon solutions of the Boltzmann equation obtained with the assumptions: 

1 . The interactions tending to return the population of state k to its 
equilibrium value can be described by a relaxation time, r(k). That is, 
the return to equilibrium is a first order reaction which, if the applied 
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fields and gradients were removed, would return at a rate given by 

f/(k) -/ 0 (k)]/r(k). 

2. The departure from the equilibrium distribution / 0 (k) is never very 
large, so that only the linear term is important if /(k) is expanded in terms 
of the applied electric field or the drift velocity. This, for example, is true 

in the region where Ohm’s law is obeyed. 

16 • • • • 

Brooks shows that the relationships obtained by solving the Boltz¬ 
mann equation can in many instances be obtained by more intuitive 
means, even though the chain of reasoning is not complete. The relaxation 
time t is defined by taking (1 — exp( — t/r) as the probability that a given 
carrier will suffer a collision in a time t which completely randomizes the 
direction of motion of the carrier. The justification for these methods of 
treatment and the accompanying assumptions ultimately rests upon the 
agreement of the prediction of the models based upon them with the ex¬ 
perimental results. 

In this section we will discuss the electrical conductivity, <r, the mobility, 
M,* the Hall effect, R H , and Hall mobility, ix H , the increase in resistance 
with magnetic field or magnetoresistance, A p/p, and the increase in re¬ 
sistance with stress or piezoresistance. The experimental procedure for 
measuring all these effects is conveniently considered together since the 
required voltages, fields, currents and forces can easily be measured on 
the same samples. 

General Experimental Procedure 

The procedures used by various investigators differ somewhat. Those 
to be described are representative, though it is not meant to imply that 
other equally good methods are not available. 

It is important when making measurements of small d.c. voltages which 
are required to determine the properties we are considering here to avoid 
rectifying and high resistance contacts. At low temperatures special pre¬ 
cautions must be taken to prepare ohmic, low-resistance contacts. The 
use of metals such as gold or tin for germanium, and gold and aluminum 
for n and p silicon have proved successful. These metals form low-melting 
eutectics so that the wires can be welded or “bonded” in a mechanically 
strong manner to the sample by the Joule heat associated with the passage 
of a momentary current. In addition, for n-type samples if about 0.01 
per cent antimony is dissolved in the gold it will go into solution during 
the “bonding” so that region around the eutectic will be heavily doped and 
nonrectifying. 

* The mobility will be designated in what follows by /z. A subscript D or H will 
be used when convenient to distinguish drift or Hall mobility. Other subscripts will 
also be used at times to distinguish the dominant scattering mechanisms. The various 
subscripts will be defined as they are used. 
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Figure 8.15. Single-crystal germanium six-armed sample with leads attached so 
as to measure properties in a region of the crystal far removed from the contacts. 

Similarly, gallium is useful for gold-bonding to p-type germanium. Con¬ 
sider for example a six-armed sample of a type introduced by Pearson and 
Suhl 7 shown in Figure 8.15, with 0.008 cm wires bonded to the arms. It is 
easily oriented and prepared from single crystal material using techniques 
developed by Bond. 03 A number of advantages can be cited for the use of 
such samples. The region of the crystal being studied is far removed from 
possible contamination or distortion which might occur during the process 
of making electrical contacts to the arms. The dimensions can be closely 
maintained so that careful comparisons between a series of different samples 
can be made. Possible Joule heating due to contact resistance is mini¬ 
mized by having the large area contacts outside and away from the po¬ 
tential measuring arms. The effect of the arms in shorting out the electri¬ 
cal field is reproducible and can be calculated or measured if necessary. 
A high degree of macroscopic symmetry can be maintained. 

In practice, a known current J = J x is passed along the axis of the sample 
in the ^-direction by means of the current leads. The voltage read across 
the arms ViV 2 or Vi'VJ determines 8 X the ^-component of the electric 
field 8. The voltage across the arms ViVi, HH\ or V 2 V 2 determines the 
^/-component, £> y . As can be seen, only three arms are necessary to deter¬ 
mine S x and S y , however for investigating sample homogeneity, and for 
avoiding possible shutdown in the event of contact failure or arm breakage 
it is convenient to use six arms. 

Conductivity and Mobility 

The components of the electric field 8 X , S y , the current density J : 
and the magnetic field H (the magnetic permeability is essentially unity 
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so that the external magnetic field intensity, H — B, the magnetic induc¬ 
tion) suffice to determine the isothermal transport properties, which in 

practical units become conductivity, 


a 

= — ohm 1 cm 1 

6x 

(8.37) 

low field Hall constant, 



(Rh) 0 = 

lim cm 3 /coulomb 

H z ~> 0 J xBz 

(8.38) 

and Hall mobility 



Mtf : 

= R h <j cm 2 /volt sec. 

(8.39) 


These three properties are scalars (for cubic crystals) and are therefore 
completely determined by the measurements of the components indicated. 

In addition to the measurements described above, it is important to 
consider the very fundamental drift mobility, aid which is the drift velocity 
per unit electric field. This parameter has been measured by Prince 54 using 
the Haynes-Shockley method which measures the drift, under the influence 
of an electric field, of minority charge carriers (i.e., electrons in p-type ma¬ 
terial or holes in w-type material) injected into a filament. 54 The method is 

illustrated in Chapter 1, Figure 1.30. 

The conductivity, <r, reflects the drift velocity, v D , which is superimposed 

upon the thermal velocity of the n or p mobile charge carriers per cm 
by an applied electric field 8. The behavior of the conductivity is best 
understood in terms of n or p, and the drift mobility fiD • It has already 
been shown, Chapter 1, Eq. (1.42), (1.43) and (1.44) that 

o = (n Dn n + fJLopV)q ohm -1 cm -1 (1-44) 

The striking temperature dependence of a lor high purity material, illus¬ 
trated in Figure 1.22 for n-silicon, can be understood in terms of the tem¬ 
perature dependence of the right hand side of Eq. (1.44). A similar set of 
curves is shown for n-germanium in Figure 8.16, except resistivity = l/c 

is plotted. 

A qualitative explanation of the temperature dependence of a has been 
given in Chapter 1. Briefly, at very low and high (intrinsic) temperatures 
da/dT is dominated by the changing concentration of mobile charge car¬ 
riers and in intermediate temperatures by the dependence of mobility on 
temperature. 

The behavior of <r in the intrinsic region is illustrated in Figure 8.17 for 
Ge. It should be noted that the curve plotted here is the same as the dotted 
intrinsic line of Figure 8.16. IVIorin and iVtaita have been able to combine 
this data with extrapolated drift mobility data to obtain the product of the 





348 


SEMICONDUCTORS 


200 


TEMPERATURE IN DEGREES KELVIN 
300 78 20A 


10 


1 00 


1 0 



0.0 


V 


M- 


55 


i. 


79 





p—* 

— 



51^-^ 

> 

l 1 x i 

V. 

•63_ 


■?A i 

49 

r 

! VWJ>6 






| 54 N-++' 

1- -- 

\_/ 





61 


0.002 


58 


0-10 


0 0.02 0.04 0.06 0.08 

TEMPERATURE IN DEGREES KELVIN 

Figure 8.16. The resistivity curves for a series of n-type germanium samples of 
different purity as a function of inverse temperature. Except at the lowest tempera¬ 
tures the resistivities at a given temperature are in the same order as the sample 
purities. The intrinsic behavior is shown by a dashed line. {After Debye and Conwell A' 9 

electron and hole concentrations, np, and its dependence upon temperature 
(Figure 8.18). Using Prince’s 54 values for n D and the measured conductivity 
of high purity extrinsic material in the saturation region, where n (or p 
is constant, they calculate the temperature dependence of md as 


Hd(T) 


Vd(300°) cm 2 /volt sec 

0 \oUU ) 


(8.40' 
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Figure 8.17. The conductivity as a function of reciprocal temperature for the 
intrinsic temperature region in germanium. This curve is the same as the dotted 

curve in Figure 8.16. (After Morin and Malta.™) 


The results for Ge can be expressed analytically in cm 2 /volt sec 

= 4.90 X 10 7 T- 1 ' 66 100° < T < 280° 

^ = 1.05 X 10 9 T- 2 - 33 100° < T < 290° 


(8.41) 


A similar procedure 56 for silicon gives the results 

= 4.0 X 10 9 T“ 2 ' 6 ~300 < T < 400° 

= 2.5 X 10 8 T" 2 ' 3 150 < T < 400° 


(8.42) 


where the temperature range over which Eqs. (8.41) and (8.42) were meas¬ 
ured is indicated. Assuming that for the high purity material used the dom¬ 
inant scattering mechanism is by lattice vibrations, they extrapolated Eqs. 
(8.41) and (8.42) into the intrinsic temperature region where, of course, 
(8.40) no longer holds. Then, making use of the fact that for intrinsic ma¬ 
terial n = v, Eq. (1.44) can be used to obtain the results of Figure 8.18. 
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TEMPERATURE IN DEGREES KELVIN 



l/TEMPERATURE IN DEGREES KELVIN 

Figure 8.18. Temperature dependence of the square root of the product of the 
electron and hole concentration, ( np ) 1/2 = riintrinsic determined from measured 
conductivity and extrapolated mobility data. (After Morin and Malta . 30 > 31 ) 


The intrinsic np product for germanium is thus found to be given by the 
empirical expression 


np = 3.10 X 10 32 T 3 exp (- 

-0.785/fcT) 

(8.43) 

and for silicon by 



np = 1.5 X 10 33 T 3 exp ( — 

■1.21 /kT). 

(8.44) 


For n-type silicon it was necessary to make a correction for impurity scat¬ 
tering below about 300°K. The equations (8.43) and (8.44) are accurate 
around room temperature and less reliable at higher temperatures where 
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he extrapolation is greater. They supply the information necessary to 
obtain the thermal values” of the energy-gap discussed previously. 

The high temperature and very low temperature behavior of the con¬ 
ductivity have now been discussed in terms of the changing charge carrier 
concentration. The equilibria involved in the thermal ionization processes 
which give rise to the exponential dependence of charge carrier concentra¬ 
tion upon temperature have been analyzed. We now wish to focus on the 

intermediate temperature range where the carrier concentration is constant 
and mobility behavior is important. 

Mobility is a macroscopic quantity; we seek to explain it in terms of 
carrier relaxation or collision time, r, introduced as an assumption used 
to solve the Boltzmann transport equation. Consider a single electron 
drifting in an applied electric field for a time 2r between collisions which 
completely randomize the direction of motion and so destroy the acquired 
diift velocity, then, by Newton’s second law, it develops an average drift 
velocity, v D , whose component in the direction of the field S* is 


V Dx 

£r 


Hd x 


qr/m, 


(8.45) 


where m* is the effective mass of the electron in the ^-direction and 
is its drift velocity. Now, if instead of one, there are n electrons we must 
average r over them all to obtain the macroscopic fi D . For quadratic energy 
bands, i.e., m* constant in any direction so that the energy increases as 
the square of the momentum in any fixed direction, T must be weighted 
according to the energy of the electron above the band edge = 
E — E c = A E. This apparently extra weighting with respect to S arises 
because r depends upon energy which increases between collisions (see 
lor example Shockley p. 275 and his example 8, p. 293. 

for high-purity material, where Boltzmann statistics apply, the drift 

mobility can be found by summing up the contributions of the individual 

electrons; this summation can be accomplished by integrating over all 

the occupied states. The integration is carried out over energy, with the 

factor exp (— AE/k T) AE 112 introduced to give the number of occupied 
states between A E and A E + d(AE). 


Hd 


Q Jo 
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/»00 
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-(A E/kT) A 7*1/2 


A E l,z dAE 


(A E) m* 


(8.46) 


1 he brackets will be used in this section to indicate Maxwellian averages • 
thus by the equipartition theorem (A E) = f kT , etc. For n-type Ge and 
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Si where the many-valley spheroidal energy-band structure applies, 
Herring, 57 and Herring and Vogt 08 have shown that Eq. (8.46) should be 
generalized to allow for the anisotropy in m* and for possible anisotropy 
in t(AE). They show that, under fairly nonrestrictive assumptions, the 
contributions of each energy shell of each valley can be solved for inde¬ 
pendently and added vectorially to give the resultant macroscopic mo¬ 
bility. In keeping with the over-all cubic symmetry, \± must be a scalar, 
even though the contribution of each valley is anisotropic. The generali¬ 
zation of Eq. (8.46) becomes for n type germanium and silicon 




q ( (AE n ) 
3(A E) \ m\\ 



(8.47) 


where the subscripts || and _1_ refer to the tensor components of the mass 
and relaxation time respectively, parallel and perpendicular to the valley 
axis. Once the formal relationship between \x and r is established, the 
next step is to explore in detail the various scattering mechanisms respon¬ 
sible for r in order to obtain an analytic expression and thus be able to 
evaluate the brackets in Eq. (8.47) (find the Maxwellian averages) and 
solve for /x D . 

The easiest situation to analyze is when only one scattering mechanism 
is dominant; fortunately this is true for high-purity material at not too 
low temperatures. In this case the scattering is by the lattice acoustic 
waves. The relaxation time, r a , for acoustic scattering of a Boltzmann 
distribution of carriers is known 59 to be proportional to A E 11 ' 2 , in fact, 

T a (AE) = constant T~ l AE 1 ' 2 (8.48) 


This equation states that at a given temperature, the more energetic 
carriers are scattered more frequently in such a way that the mean free 
path of the assembly is constant. The constant in Eq. (8.48) can be cal¬ 
culated by the deformation potential method of Bardeen and Shockley. & 
It involves, in addition to a numerical constant, the effective mass, the 
velocity of sound, and the deformation potential or change in band-edge 
energy per unit dilation. Their method considers the deformations of 
thermal vibrations which produce local variations in the size and shape 
of the unit cell. It is described conceptually by Shockley; 2 the velocity of 
sound, about 5 X 10 5 cm/sec, is more than an order of magnitude lower than 
the thermal velocity of an electron. The electron can therefore be assumed 
(for conceptual purposes only, the theory does not depend on this assump¬ 
tion) to be traveling in the static lattice distorted by the local phonon dis¬ 
tribution. This can be idealized by considering the distortion produced by a 
longitudinal acoustic phonon traveling in the ^-direction, and changing 
the degree of compression abruptly. The changes in the lattice constant 
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along the x-axis will change the energy gap by an amount which can be 
calculated from the deformation potential constants. The discontinuities 
in the band edge, or, alternatively discontinuities in the kinetic energy 
of the charge carrier will give rise to reflections or scattering which can 
be calculated by quantum mechanical methods. When Eq. (8.48) is intro¬ 
duced into (8.46) and the indicated averaging is performed, one obtains 
for the acoustic part of lattice-scattering mobility, /z a ,* 

fi a = const T~ l b . (8.49) 

It can be seen that this equation is in only rough agreement with the 
experimentally determined temperature dependences of the lattice mo¬ 
bility hl given by Eqs. (8.41) and (8.42). It is possible for a reasonable ad¬ 
mixture of either optical-mode scattering or intervalley scattering (i.e., a 
“collision” whereby the momentum of an electron changes from one valley 
to another by means of the absorption or emission of a phonon of proper 
energy and momentum) to cause the calculated temperature coefficients 
of the n-type mobilities to be as great as are observed. The additional (in¬ 
tervalley or optical mode) scattering would involve a high energy phonon 
and thus vary in an exponential manner with T. The rapid changes occur 
at temperatures where kT is about equal to the energy of the scattering 
mode. For germanium this rapid change occurs in the vicinity of room tem¬ 
perature and below. However, evidence presented in Part II ot Ref. 90 
indicates that some other mechanism may in fact be responsible for the de¬ 
parture from ideal acoustic scattering. 

Herring and Vogt )8 further generalize the deformation potential theory 
to obtain separate expressions for r a \\ and r a± , the relaxation times for 
acoustic scattering parallel and perpendicular to the major axis of a con¬ 
stant energy surface. Both are given by expressions similar to Eq. (8.48), 
only now transverse as well as longitudinal acoustic waves can contribute 
with the result that the constant contains two deformation potentials. 
These deformation potentials can be obtained from piezoresistance and 
magnetoresistance measurements. Within the limits of error of the experi¬ 
ments determining the deformation potentials, the Herring-Vogt theory 
is able to calculate, with no adjustable constants, an acoustic mobility 
at 100°K for n-germanium which agrees with the experimental value. 
This agreement with experiment is a notable accomplishment of transport 
theory. 

* We have used the subscript “a” here because the calculation has only considered 
scattering by the acoustic branch of the vibrational spectrum, whereas the measured 
values include scattering by all branches of the lattice vibrational spectrum. The 
importance of scattering by optical modes has not yet been carefully evaluated in 
Ge and Si. 
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The product of the low-field Hall constant and the conductivity, R H a 
is known as the Hall mobility p H (Chapter 1). Both R H and a are easily 
measurable and as a result there is a wealth of Hall mobility data in the 
literature. The Hall mobility involves a different averaging of relaxation 
times than drift mobility, p D . This can easily be seen. The electric field £ r 
causes each electron to drift with a velocity proportional to its r, (Eq. 8.45). 
The application of H z causes a Lorentz force - (( q/c)v x H z ) in the y direction 
which is proportional to r, since v x is proportional to r. In addition, the 
electron drifts in response to this force in the ^/-direction for a time r, and 
thus the averaging must be over r 2 . The counterpart of Eq. (8.46) (for 
spherical energy bands) becomes 


(A Et 2 ) q 
(A Et) m* 


(8.50) 


where again the brackets indicate the average is over the Maxwellian 
distribution of carriers (high-purity material). The generalization of (8.50 
for the many-valley model involves a function of terms similar to the 
right side of Eq. (8.50). 

The ratio of p H to p D is a parameter which is useful experimentally 
because it is needed to convert Hall measurements to carrier concentra¬ 
tion (Eq. 1.53) and theoretically because it says something about the 
energy dependence of r. For instance, for r proportional to A E~ 112 , the 
averaging of Eq. (8.46) and (8.50) gives /i„(c© )/p D = 3tt/ 8 = 1.18. The 
effect of the many-valleys is to reduce this ratio to below unity. At infinite 
magnetic field strength it can be shown that r becomes independent of 
energy, and p H /p = 1.00. Consequently the Hall coefficient approaches 
different limits at low and high magnetic fields, and the ratio of these 
limits is equal to the low field ratio of p h /hd . 

Figure 8.19 shows some recent measurements which give a ph/pd ratio 
of 0.91. The many-valley model gives a result in good agreement with 



Figure 8.19. The variation of the Hall “constant” with magnetic field for n ger¬ 
manium. The ratio of the low field limit to the high field limit gives the ratio ph/pd = 
0.91 for the sample shown at 77.4°K. (After Geballe and Kunzler, unpublished.) 
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this as can be seen in Figure 8 (c/. Part II of Ref. 90). Direct determination 
of ph/pd by comparison of the Hall and drift mobilities over a wide tem¬ 
perature range by Morin 61 and Morin and Maita, 56 lead to results that 
scatter too much to make quantitative comparisons with theory. 1 he results 
for n-silicon show a large temperature dependence which could possibly be 
caused by a combination of intervalley and optical mode scattering. 

Lattice Scattering for p-Type Material 

The evidence presented on p. 325 that the valence band edge for p-type 
material is degenerate means that two kinds of holes contribute to con¬ 
duction processes, namely, light-mass holes (designated by a subscript l) 
and heavy mass holes (designated by a subscript h ). In addition, the 
split-off valence band in silicon might be occupied at higher temperatures, 
although no relevant study of this effect seems to have been undertaken 
as yet. Conduction should be described by a two-band model, as pointed 
out by Willardson, Harman and Beer. 62 They have analyzed Hall data 
assuming both bands are spherical and r is proportional to A E . Then 
by picking the ratio of light to heavy holes, pi/ph = -02, and their mo¬ 
bility ratio /.Li/nk = 7.5, they calculate the curve in Figure 8.20 which 
is in good agreement with the experimental points. r Ihe same ratios are 
used to fit magnetoresistance data over the same temperature range. 
The influence of the 2 per cent of light holes is marked. More recently 
Beer and Willardson 62 have been able to obtain equally good fits by 
assuming 4 per cent light holes (a value in agreement with cyclotron- 
resonance experiments) when they specifically take into account both the 
“warping” or nonspherical nature of the heavy hole band (see figure 8.3A 



Figure 8.20. The variation of the Hall coefficient with magnetic field for j>- ger¬ 
manium. The points are experimental and the curves are calculated assuming fifty 
times as many heavy holes as light, with a mobility ratio \xil— 7.5. {After Willard¬ 
son. Harman and Beer. 62 ) 
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Figure 8.21. Magnetoresistance vs. magnetic field for p-germanium. The curve 

is calculated using the same parameters as for Figure 8.20. Without inclusion of 

the high-mobility light holes the dashed curve would be expected. (After Willardson. 
Harman and Beer , 62 ) 

lower) and the effect of impurity scattering. At low fields the light holes 

contribute to the Hall coefficient with their concentration weighted in 

proportion to the square of the mobility ratio, whereas at high magnetic 

fields their contribution is merely in proportion to their concentration. 

Their influence is even more striking in magnetoresistance where their 

low-field contribution is weighted with the cube of the mobility ratio. 
Figure 8.21. 

The low field variation of Hall constant with H is a function of temper¬ 
ature. Willardson et al., point out that the anomalous ratio of hh/hd re¬ 
ported by Morin 61 is the result of not measuring the Hall constant in 
sufficiently low fields at all temperatures. 

Using the equation for the conductivity of two bands in parallel 

a = qiPWl + VhPh) (8.51) 

it is seen that the heavy-mass holes carry more current than the light. 
The fact that the experimental m/nh ratio is almost equal to the inverse 
cyclotron mass ratio m h /mi means, as can be seen from Eq. (8.45), that 
ti ~ r h . This is an indication 16 that both light and heavy holes are mostly 
scattered to the heavy-hole band where the density of states is muck 

greater; that is, n is determined mainly by interband transitions and n 
mainly by intraband transitions. 
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While the phenomenology can be understood on the basis of a two-band 
model, no complete theory of mobility has been worked out as yet. The 
band-edge degeneracy makes the theory more complicated than for n-type 
material. Lax and Mavroides 63 have given a more accurate formulation 
of the two-band model taking into account the “warping” of the energy 
surfaces as determined by cyclotron resonance. Brooks (Ref. 16, p. 153 
et seq.) discusses the problem involved in calculating lattice scattering 
using deformation-potential theory. Ehrenreich and Overhauser 64 have 
made the most detailed calculations. They show that acoustic scattering 
should cause a T -1 ' 5 dependence of mobility and that scattering by a 
relatively low-temperature optical mode (Figure 8.7) must be included 
in order to account for the T~ 2 ’ 3 observed temperature dependence. Con- 
well 65 shows that an optical mode with a characteristic temperature around 

400°K will fit the data. 

It is apparent that the situation for p-germanium is not as well under¬ 
stood as for w-germanium. More experiments on even purer samples are 
needed in order to overcome the effect of the extreme sensitivity of the 
light -mass holes to impurity scattering. 

The Effect of Impurities 

Figures 8.22, 8.23, and 8.24 show the Hall mobility for a series of ger¬ 
manium and silicon samples which are increasingly doped with impurity 
atoms. In these samples, ionized impurity scattering becomes increasingly 
important as the concentration of ionized donors and acceptors increases. 
The methods of treating the long-range coulomb forces assumed to be 
responsible for the scattering, are relatively crude. Conwell and Weisskopl 
applied the Rutherford scattering formula, and obtained an expression 
for the relaxation time for impurity scattering, n . When this is inserted 
in Eq. (8.47), the Conwell-Weisskopf mobility formula is obtained 

2 7/ V(fcT) 3/2 [ 1 _ 

= T m [m {N)U \qZYNA Lin [1 + (3 K kT / q 2 N t'*) 2 ] 

where AT is the density of ionized impurities of charge qZ , m iN) is the 
density of states effective mass, and k is the dielectric constant. This 
equation has been slightly modified, 50 by Brooks and by Herring, and by 
Dingle. 68 The modification introduces a shielding factor to account for 
the way the electrons in the conduction band distribute themselve around 
an impurity in such a way as to cancel its field at large distances; however, 
it becomes exact only as the screening by the mobile charge carriers be¬ 
comes small. 

16 # 

Other types of scattering are reviewed by Brooks. These include scat¬ 
tering by neutral impurities, and the effect of electron-electron collisions. 
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TEMPERATURE IN DEGREES KELVIN 

Figure 8.22. Hall mobility vs. temperature for the series of As-doped Ge sample 
whose resistivity is depicted in Figure 8.16. (After Debye and Conwell. 66 ) 

The former type of scattering is important because of the large orbit of 
the bound electron which presents a large cross section for scattering in 
which the bound and free electrons exchange places in a way analogous 
to the scattering of electrons by hydrogen atoms studied by Erginsoy. 1 
The latter effect, electron-electron scattering, tends to reduce the mobility 
by transferring momentum to the electrons most likely to be scattered, 
i.e., by transferring momentum to high energy electrons in the case of 
prominantly acoustic scattering, and to low energy electrons in the case 
of predominantly ionic scattering. 

When several types of scattering must be considered the relaxation 
time for a carrier of energy A E is compounded from the r’s for the differ¬ 
ent types of scattering, 

- = — + — +••• (8.53) 

T T a Tj 

The individual mobilities calculated from Eq. (8.49) and (8.52) cannot be 
combined in a similar way because the r’s have different energy depend¬ 
ences. Figure 8.25 shows the results of combining the ionized impurity 
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TEMPERATURE IN DEGREES KELVIN 

Figure 8.23. Hall mobility vs. temperature for a series of As-doped Si samples 
whose purity increases from sample 140 to 130 in the order of the mobility at the higher 
temperatures. Other data for these samples are shown in Figures 1.22,1.24,1.25. (After 
Morin and Maita . 56 ) 

scattering with acoustic scattering for germanium at room temperature. 
The mobilities of the highest resistivity samples are assumed to be deter¬ 
mined by lattice scattering alone. Given this experimental quantity the 
effect of ionized impurity scattering as the resistivity decreases is calculated 
from Eq. (8.52) and is shown by the curves. The general agreement with 
the experimentally determined points vouches for the correctness of the 
model which assumes that ionized impurity scattering is the important 
added scattering mechanism as the doping and impurity concentration is 
increased. 

The temperature dependence of the mobility as ionized impurity scatter¬ 
ing becomes more important is interesting. The most heavily doped samples 
become metallic in behavior. This is illustrated in Figures 8.23 and 8.24 
by the samples 1^0 (n-type) and 125 (p-type). The conductivity, the Hall 
effect and the mobility show very little temperature dependence. This can 
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Figure 8.24. Hall mobility vs. temperature for a series of B-doped Si samples who* 
purity increases from sample 125 to 127 in the order of mobility at the highei tempera¬ 
tures. (After Morin and Maita . 56 ) 

be understood in terms of the energy-level diagram, Figure 8.10. The 
impurity-atom energy level, which is quite narrow in high-purity material, 
becomes broadened out as the concentration of impurity atoms increases, 
finally merging with the conduction band. When this happens there is 
no longer an activation energy associated with the production of carriers. 
so that their concentration is no longer temperature dependent. The 
sample becomes degenerate in the sense that the electrons occupy the 
available levels according to Fermi-distribution law; only those at the 
top of the distribution can contribute to transport processes. As discussed 
in Chapter 1, the Fermi level lies higher than the band edge. The impor¬ 
tant electron velocity corresponds to the highest occupied level and does 
not change appreciably with temperature. Impurity scattering, which is 
the dominant mechanism, and which depends upon carrier velocity is 
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Figure 8.25. Experimental Hall mobility for n-type Ge samples shown in Figure 
< 99 compared with curves calculated assuming ionized-impurity scattering. (After 

Debye and Conwell. 65 ) 


then temperature independent and thus the mobility is likewise. The 
approximate condition for degeneracy is that the Fermi level be no lower 
than kT below the conduction band-edge. This condition is given by the 
equation 

kT deg n deg 2/3 . ( 8 -54) 


The exact dependence of n upon the distance of the Fermi level from the 
band edge in units of kT is shown in Figure 8.26. It can be clearly seen 
that when the Fermi level is at least kT in energy below the band edge, 
the classic (Boltzmann) distribution, which has been assumed in previous 
sections for high-purity material, is good, whereas when the Fermi level 
is about 2 kT above the conduction band the sample is almost completely 
degenerate. 

When the concentration of impurities is somewhat less than that neces¬ 
sary to cause the impurity states to merge with the conduction band an 
interesting group of phenomena are observed at low temperatures which 

69 

can loosely be termed “impurity-conduction.”* Hung and Gliessman 


* The term “impurity-band conduction” has been used; however, with Fritzsche, 71 
prefer “impurity conduction” because many of the interesting effects occur at 
impurity concentrations so dilute that it seems improbable that a (nonlocalized) 
band exists, but rather that the electron-transfer mechanism involves a hopping 
process between localized, slightly overlapping states. 
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Figure 8.26. Exact dependence of electron concentration upon AE = (E F — E c 
compared to the limiting forms. {After Shockley. 2 ) 

found that at sufficiently low temperatures the Hall coefficient reaches a 
maximum in germanium and then drops with decreasing temperature. 
The conductivity at the same temperature has a sharp bend but the slope 
does not change sign. The effect on the mobility is strikingly evident in 
samples 126 and lJ^l in Figures 8.23 and 8.24. The Hall mobility of these 
samples becomes less than that of the less-pure degenerate samples in a 
very small temperature interval and finally becomes too small to measure. 
The magnetoresistance behaves in a similar manner. In the same temper¬ 
ature region the thermoelectric power (to be discussed later) reverses its 
sign. There is also anomalous behavior in the temperature dependence of 
the thermal conductivity at lower temperatures. 

All these results can be qualitatively understood by postulating conduction 
by carriers in localized but overlapping impurity states. 70 The low tem¬ 
perature conduction is then dominated by very low mobility carriers in 
the impurity states which, crudely, are in “parallel” with the carriers 
normally present in the conduction or valence bands. However, a two-band 
model is too oversimplified to give more than a qualitative description ot 
the results. Koenig and Gunther-Mohr,' 2 and Fritzsche' 1 have made ex¬ 
perimental investigations of the effect of concentration and compensation 
upon the impurity conduction. Some of Fritzsche’s results are shown in 
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Figure 8.27. Hall coefficient vs. for a series of Ge samples doped with As through 

the impurity-conduction range. The decade between 10 15 and 10 16 As atoms per cm 3 
is characterized by a single maximum. Between 10 16 and 10 17 As atoms per cm 3 there 
is, in addition, an inflection point followed by a positive slope. (After Fritzsche. 71 ) 

I igure 8.27. At low concentrations one would expect that neither com¬ 
pletely ionized (empty) nor completely neutral (full) impurity levels 
vould lead to conduction. If some are empty, however, carriers can “hop” 
or “tunnel” to these from the full centers in a way similar to the simple 
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picture of the hole conduction mechanism. Thus one would expect increas¬ 
ing compensation to increase the conductivity in the low concentration sam¬ 
ples, which, Fritzsche indeed finds to be the case for an antimony concen- 


tration of 10 per cm'. In contrast, at 10 1 ' antimony atoms per cm 0 the 
overlap of the levels is great enough so that normal behavior holds; i.e., in¬ 
creasing the compensation decreases the conductivity. The theoretical 

• • 73 • • • 

problem which has been discussed by Mott is of considerable interest 
though, as yet, there has been no quantitative treatment of the hopping or 
tunneling processes involved. We note in passing that this model involves 
concepts similar to those used in Chapter 14 in the discussion of “d-band 
conduction in transition-metal compounds. 

Magnetoresistance in n-Type Material 

In addition to the basic transport properties discussed above, magneto¬ 
resistance and piezoresistance in n-type material are interesting because 
these two properties have led to a good deal of understanding of the con¬ 
duction-band properties of germanium and silicon. Both are tensors, 
which turn out to be very anisotropic, connecting the change in resistance 
in any direction to an applied force or field. It is the magnitude and direc¬ 
tion of the anisotropy which gives insight into the conduction band. The 
measurements have also been made for p-type material, but, because of 
the difficulties mentioned above in the discussion of mobility the theory 
has not yet been worked out. 

Magnetoresistance, the increase in resistance upon application of a 
magnetic field is, in the limit of low-magnetic field H a second order effect, 
proportional to H 2 , and is a consequence of the fact that the relaxation 
times of the carriers are not all the same. This can easily be seen for the 
transverse case (H _L 8). Consider the geometry of Figure 8.15 where the 
current is constrained to flow in the ^-direction. The application of H 
causes a Hall field &y to build up due to the Lorentz force which is pro¬ 
portional to t{NE). While the Hall field, S y , builds up to the point that 
there is no net current flow in the ^-direction, it does not cancel the Lorentz 
force on those electrons with r > T avera ge which, therefore, drift in the 
^-direction. It more than cancels those electrons with r < r average which, 
therefore, drift in the opposite ^/-direction. These drifts in the ^/-direction, 
which are proportional to H z , are acted upon by H z again, producing a 
flow in the negative ^-direction for carriers for which r > r, 
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average > ^ hich 

is greater than the flow in the positive x-direction for those carriers for 
which r < Taverage . As a result one observes a positive magnetoresistance, 
i.e., pH > P- 

Something more than this is needed to explain the large longitudinal 
magnetoresistance which is observed in both n-type germanium a 
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silicon and, indeed, this is what first led to postulating many-valley struc¬ 
tures for the conduction bands of n-germanium 8,9 and n-silicon. The 
reason for this is that for any model in which the effective mass is isotropic, 
the current flow of any group of carriers is in the same direction as the 
force acting on that group; with H in the longitudinal ^-direction there 
can be no component of force in the ^-direction, hence there should be no 
longitudinal magnetoresistance. However, in the many-valley model the 
drift of the carriers in a single valley is not, in general, in the same direction 
as the applied force (unless it is applied along a symmetry axis of the 
valley). This means for an applied S x there will be cancelling currents in 
the y- and z-directions contributed by the different valleys even when 
H = 0. Upon application of II, the resulting Lorentz forces on these can¬ 
celing currents will cause current flow in the negative x-direction propor¬ 
tional to Hz in low fields. 

The early measurements of the magnetoresistance were made on poly- 
crystalline materials. 76 Measurements on single crystals 76 of germanium 
and silicon have proved particularly significant. As already indicated, the 
results, in addition to depending upon the relative orientation of current 
and magnetic field, depend strongly upon the crystal orientation. This is 
clearly indicated in Figure 8.28 for n-silicon. The smallness of the [100] 
longitudinal magnetoresistance for n-silicon is strong evidence that the 
energy minima are located along the [100] axes: this then is a principal 
direction for all valleys and therefore, gives no longitudinal magneto- 

resistances. 



the current I. The longitudinal direction with H || I is taken as 0°; certain cardinal 
directions of H are indicated as well as the fixed directions of I. (After Pearson and 

Herring . 74 ) 
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Figure 8.29. Longitudinal magnetoresistance for 2 ohm-cm n-germanium at 300°K. 
Dotted lines give estimated limits of accuracy. (After Furth and Waniek . 77 ) 

In the limit of infinite magnetic fields the magnetoresistance might be 
expected to saturate in a manner depending again upon the energy de¬ 
pendence of t and the shape of energy surfaces.* For instance, only a 12 
per cent increase in the transverse magnetoresistance is expected for a 
spherical energy surface and r proportional to A ET m . The observed values, 
from the early measurements of Kapitza on, have been considerably 
greater than this. Recent measurements by Furth and Waniek 77 extended 
up to 450,000 gauss. Room-temperature measurements are shown in 
Figure 8.29. The saturation values for the longitudinal directions shown 
lead to values of the anisotropy ratio (m\\/m ± )/( T± / t{). The results of 
this research, and the low-field research which is summarized by Glicks- 
man, 76 give values for germanium which are close to the cyclotron mass- 

ratio m\\/m x indicating that for germanium, as well as silicon, the scatter¬ 
ing is almost isotropic, i.e., ry ^ r x . 

Piezoresistance 

Smith 14 found that a uniaxial stress produces unexpectedly large and 
anisotropic changes in the resistivity of germanium and silicon. He further 
showed that neither stress-induced changes in mobility nor stress-induced 

* The applied magnetic field, however, quantizes the orbits of the electrons. This 
orbital quantization effect has been considered by M. I. Klinger and P. I. Voronyuk. 
J. Exptl. Phys. USSR, 33, 77 (1957); and P. N. Argyres, J. Chem. Phys. Solids 4, 19 
(1958). The applied magnetic field introduces a nonsaturating magnetoresistance term 
which becomes important at very high magnetic fields. The data of Figure 8.32. 

which saturate nicely, indicate that orbital quantization effects are small up to 
5 X 10 5 gauss at room temperature. 
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changes in carrier concentration are within one or two orders of magnitude 
of being large enough to account for the observed results. Herring has 
shown that the n-type results do indeed follow from the many-valley 
model, (or lead to the many-valley model since the experiments antedated 
the cyclotron resonance experiments), being caused by strain-induced 
population changes between the several valleys. This is illustrated for the 
longitudinal (i.e., stress parallel to current) case in Figure 8.30, where we 
have assumed the energy band structure of silicon from Figure 8.2. Uni¬ 
axial stress applied in the ^-direction causes a large decrease in resistance. 
In the absence of stress the population of valley i, whose axis is located 
along the [010] axis in reciprocal space, contributes the most to the cur¬ 
rent flow in the [100] direction since the carriers of this valley have a high 
mobility, n ± = qr/m ± , in this direction. The stress causes the population 
of this valley to increase at the expense of valley j where the mobility 
n = qr/mw is low. Thus the stress in this case produces high mobility 
carriers from low mobility carriers of another valley and decreases the 
resistance. Herring shows that at high temperatures the effect of the stress 
on intervalley-scattering can also be of the same order of magnitude as 
the population transfer effect illustrated in Figure 8.30. This is because 
the probability of a carrier being scattered to valley i from valley j is 
enhanced with respect to the reverse process upon application of the 
stress since the energy-density of final states is greater at valley i than 
valley j. 


k [o.o] 



j TH VALLEY 


Figure 8.30. Schematic diagram of two of the six constant energy surfaces in n-Si. 
The effect of a uniaxial [100] stress increases the population of electrons which have a 
low [100] mass in the f th valley at the expense of high [100] mass electrons in the j th 
valley as indicated by the dotted lines. For silicon, ni/n\\ is about 5 as indicated by 
the arrows. (After Smith, u ) 
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The observed change in resistance is proportional to the mobility ani¬ 
sotropy, (fi ± - M|| ), and the inverse of the absolute temperature. The 
constant of proportionality is given by the band-edge shift per unit strain 
along the valley axis (combined with compression in perpendicular direc- 

tl0nS 58 This is ° ne ° f the im P°rtant deformation parameters in the Herring- 
Vogt theory of mobility, for this reason Smith’s measurements have 
been extended to lower temperatures where the effects become larger. 78 
In this range the effect of intervalley-scattering becomes unimportant, 
and lattice scattering remains important so that the inverse temperature 
dependence holds. This is illustrated in Figure 8.31 for the longitudinal 
[100] dilection in Ge. It is seen that the results do indeed increase as T 1 
until impurity scattering becomes important, which for the higher purity 


T° KELVIN 



Figure 8.31. Isothermal longitudinal piezoresistance for n-silicon in the [100 1 

direction as a function of reciprocal temperature. The fractional change in resis- 
A p 

tivity — was linear in the stress x up to 8 X 10 7 dynes per cm. 2 (After Morin, Geballt 
and Herring 
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samples 1049 and 1020 is below 50°K. The deliberately-doped impure 
sample 1058 shows a surprisingly small effect of impurity scattering. 

THERMAL TRANSPORT PROPERTIES 

This section will discuss thermoelectricity, including effects that occur 
in a magnetic field, and thermal conduction. In addition to effects caused 
by diffusion ol electrons in the thermal gradient, interesting effects asso¬ 
ciated with the small departure of the phonon-system from its equilibrium 
(Planck) distribution Eq. (8.14) are observed. Interactions occur between 
the phonon system and the mobile charge carriers that are not observable 
in metals where charge carriers completely dominate the transport proc¬ 
esses, or in dielectrics where there are essentially no mobile charge carriers. 

Experimental Procedures 

The materials which have been investigated most thoroughly, diamond, 79 
germanium, and silicon, 80 ’ 81 are all good thermal conductors. At room 
temperature, for instance, the thermal conductivity, A, for diamond is 
greater than that of copper. The thermoelectric power, Q , of Ge and Si 
is large, and as will be seen, is a rapidly varying function of temperature 
and impurity concentration. 1 he discussion will be confined to measure¬ 
ments below room temperature, the region where the most detailed studies 
have been made. 

The experimental quantities that must be measured to determine K and 
Q include temperature T, temperature gradient or A7 7 , and in addition, 
energy input (for A), and electric field S (for Q ). It is necessary to place 
thermometers in good contact with the sample, and, even so, the thermal 
contact resistance often exceeds that of the sample being measured. Eor 
this reason “four-point” thermal probing is necessary (just as “four-point” 

electrical probing is necessary when it is desired to eliminate the effect of 
electrical contact-resistance). 

Thermoelectricity 

The thermoelectric power is a measure of the tendency of the mobile 
charge carriers to travel from hot to cold in the thermal gradient. This 
results in a back voltage, the Seebeck voltage, which under open circuit 
conditions builds up sufficiently to keep the net current zero. The Seebeck 
voltage per unit temperature difference developed in an electrically isolated 
sample is known as the absolute thermoelectric power, Q. Q for extrinsic 
germanium and silicon is so much greater than for any metal, such as 
copper, used in the measuring circuit that it is generally not important 
to distinguish between absolute Q and Q relative to the metal. 
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I n Chapter 1 it was pointed out that the Kelvin relation between the 
Pelber heat, x, (defined as the energy flux per unit current in an isother¬ 
mal system where the zero of energy is taken at the Fermi level), and the 
thermoelectric power Q, namely (Eq. 1.54) » = QT, provides a convenient 
method for calculating Q. The Kelvin relationship, which follows from 
irreversible thermodynamics, is useful in constructing an atomistic theory 

of thermoelectric effects. 82 This has been illustrated in Chapter 1 where a 
simple derivation of the relationship* 

x q = Ep + 2 kT (1.54) 

has been sketched. The Fermi level, E F , can be found from n or p, the 
density of mobile charge carriers, by Eq. (1.30). Eq. (1.50) or (1.51) gives 
n °r P 111 terms of the Hall constant R„ . The expression resulting from the 
combination of these equations gives the thermoelectric power resulting 
from the tendency of the electrons to diffuse in the thermal gradient 

Qe = -86.2 In [4.70 X 10 15 fl„ + h n — + l l n T + 2 I 

L 2 m 2 J (855) 

microvolts per degree 

The same equation with a plus sign would follow for p- type material cover¬ 
ing the diffusion of holes. In what follows the sign for electron diffusion 
will be used. The subscript e is used to indicate the electronic origin of the 
term. The density of states effective mass m W) (see Eqs. 8.19 and 8.20) 
is known from cyclotron resonance experiments, f 

I'igure 8.32 shows a typical measurement. The dotted curve is Q e cal¬ 
culated from the measured Hall constant using Eq. (8.55). The solid 
curve is the experimental Q. Near room temperature the agreement is 
good. As the temperature is lowered, Q e remains nearly constant—a con¬ 
sequence of being in the “saturation” region—and Q increases in a striking 
maimer that suggests an additional mechanism is enhancing the diffusion 
of the mobile charge carriers. This additional mechanism has been dem¬ 
onstrated to be caused by a preferential scattering of the charge carriers 
by the phonons which travel from hot to cold in the thermal gradient, 

* The coefficient 2 in Eq. (1.54) comes from A E, the energy above the band edge 
transported by the average carrier, and varies somewhat with the scattering proc¬ 
esses. For Boltzmann statistics and acoustical mode scattering, 2 is the correct 
average. 

f The cyclotron resonance experiments would be consistent with either four or 
eight valleys in germanium depending on whether or not the conduction band edge 
is at the zone boundary. The experimental values of Q strongly favor four vallevs. 

as shown in Figure 8.3A, because with eight valleys the right hand side of Eq. (8.55'’ 
would become greater than the measured Q. 
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TEMPERATURE IN DEGREES KELVIN 

Figure 8.32. Thermoelectric power, Q, of germanium measured (solid curve) and 
calculated from Eq. (8.55) (dotted curve) for a large (4 mm X 4 mm cross section) 
sample. 

It results in a “phonon-drag term”, Q p , which adds to Q e to give Q weas . 
Such an effect of nonequilibrium of phonons on the thermoelectric power 
of metals was first considered by Gurevich. 83 Later, simple (and incorrect) 
considerations using thermal conductivity data to estimate off-balance 
of the phonon system suggested the additional term would be very small 
in semiconductors. 84 The phonon-drag effect was experimentally discovered 

85 • 

as a result of measurements ' of the type shown in Figure 8.32. 

^ • • # 8 6 

The detailed experimental and theoretical investigations which followed 

have led to a rather fundamental understanding of the phonon-drag effect. 

Using the Kelvin relation, Eq. (1.54), one can equally well reason in terms 

of the Peltier heat accompanying the isothermal flow of current. The 

current appreciably upsets the isotropic phonon distribution and drags 

with it a phonon current which contributes significantly to the energy 

transport w. Since the contributions of phonons and charge carriers to ir 

are clearly distinguishable, it follows that 

7T = TT e + TT p (8.56) 

Q = Y+Y = Qe + Qp (8 ‘ 57) 

where the subscript e refers to the electronic diffusion contribution and p 
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Figure 8.33. Temperature dependence of the phonon-drag contribution to the 
thermoelectric power, Q p , for a series of ^-silicon samples. The two highest curves 
illustrate the effect of decreasing the sample dimensions; the lowest three curves 
illustrate the effect of increasing the boron concentration approximately in decade 
increments. (After Geballe and Hull* 1 ) 


to the phonon contribution, the diffusion and phonon drag contributions 
are thus additive in both n and p material.* 

1 he results for high-purity germanium and silicon are qualitatively 
similar. Less pure material, with more carriers, exhibits a “saturation” 
effect. This is illustrated by the lowest curves in Figure 8.33 for the same 
series p samples whose Hall mobilities are shown in Figure 8.24. Similar 
results were found for n material. The lower the temperature and the 
greater the number of carriers, the more saturated the phonon drag be¬ 
comes; that is, the smaller Q p becomes. 

The theory assumes that the important phonons in phonon-drag effects 
can be considered somewhat separately from the bulk of the phonons. 

The use of the subscript p for phonon in addition to its customary use for des¬ 
ignating positive holes is not believed to be confusing. 





GROUP IV SEMICONDUCTORS 


373 


This conceptual separation is possible because the wave lengths of the 
“phonon-drag” phonons which match the wave lengths of thermal energy 
charge carriers turn out to be relatively low (compared to thermal) energy 
phonons.* It is possible to define an average relaxation time f p , and, 
by making use of the proportionality of heat flux to crystal momentum 
which holds for the low energy modes concerned to obtain the following 
expression for the case of pure acoustic scattering 86 


Q P 



m*c 



(8.58) 


where c s is the velocity of sound, f p an average of the relaxation times 
of the low energy “phonon-drag” phonons, and r a the relaxation time of 
the electrons for acoustic scattering discussed previously. Since the factor 
in brackets is the order of unity, a f p of about 1CT 8 seconds is needed 
to account for the Q p at 80° (Figure 8.36), r a being determined from mo¬ 
bility measurements to be less than 1CT 11 seconds. Further, the temperature 
dependence of Q p reflects how f p of Eq. (8.58) must vary with temper¬ 
ature. 

Low energy modes which can be studied by phonon-drag experiments 
are not easily accessible by other kinds of experimentation. For instance, 
thermal conduction also gives information about relaxation times, but 
in this case the important modes are those with about thermal energy. 
The simple kinetic theory heat-transport formula is applicable in discuss¬ 
ing thermal conductivity, K , as first shown by Debye 8 ' 

K = 1/3 Ccsf K (8.59) 

where C is the heat capacity, c s the velocity of sound and f K the average 
relaxation time for thermal energy phonons. f The value of f( K ) determined 
using experimental values for the other quantities in (8.59) at 80°K is 
7.7 X KT 11 seconds or more than 2 orders of magnitude shorter than 


Tp ' 

As the temperature is lowered f p increases until it becomes appreci¬ 
able compared with the time for the phonon to travel from one side of the 
sample to the other. “Boundary scattering” thereupon becomes important. 
The boundary-scattering time, n , depends only on the sample dimen¬ 
sions, and the velocity of sound which is almost constant. Therefore r& 

• ^ _7 • # i _ t 

is a constant ^7.6 X 10 ' seconds for the sample shown in Figure 8.32 

* At 80°K for the sample shown in Figure 8.32, the wave length of a thermal energy 

- o 

hole = fi/\ImkT = 250A; the wave length of a thermal longitudinal phonon, hcc = 
kT , is 32A. 

f Phonons of about thermal energy are the most important in heat transport 
because they represent most of the lattice vibrational energy. The number of modes 
per unit energy goes up as the cube of the wave number, and the equipartition heat 
capacity of kT per mode is good almost up to thermal energy modes. 
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whose cross section is 4 mm X 4 mm. A smaller sample will have a smaller 
n , and accordingly, the theory predicts a size-dependence of Q at low 
temperatures similar to the size dependence of K at much lower tempera¬ 
tures (because f K is much shorter) predicted by the theory of Casimir. 88 

Experimental verification of this effect is shown by the upper curves 
of figure 8.33. In other, more sensitive experiments on Ge, 86 the effect of 
boundary scattering was found to persist to a detectable extent up to 
100°K when the cross-sectional dimensions of the sample shown in Figure 
8.32 were about halved. When all the phonon-drag phonons become limited 
by boundary scattering the theory predicts a T~ m dependence of Q p which 
is illustrated in the 10 to 20° behavior of Q p shown in Figure 8.36. 

The relatively few “phonon-drag” phonons contribute out of proportion 
of their numbers to the thermal conductivity K because f p » Tk . As a 

result, the theory 86 predicts a small but perceptible contribution to K 
by the “phonon-drag” modes. The halving of the cross-sectional area 
of the sample measured in Figure 8.32 caused a reduction in Q of 10 per cent 
and a reduction in K of 0.3 per cent at 80°K. The change in n is important 
only to the “phonon-drag” phonons but not to the “thermal-conductivity” 
ones. The reduction in K at 80°K is two orders of magnitude greater than 
would be expected if all the phonons had the same relaxation time t k 



Figure 8.34. Low-temperature thermoelectric power, Q, for degenerate samples 
m and 140 which contain a few times 10 19 impurity atoms cm-*, and “impurity 
conduction” dominated samples 126, 141 and 663 which contain a few times 10« im- 
purity atoms cm 3 , illustrating effects discussed in the text. (After Geballe and 
Hull. 81 ) The Hall mobilities are given in Figures 8.23 and 8.24. 
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which is the usual approximation made in low-temperature boundary 
scattering experiments. 

The interesting “impurity-conductivity” appearing in the mobility of the 
silicon samples 126 (n-type) and 141 (p-type), containing about 2 X 10 18 ex¬ 
cess impurities, shown in Figures 8.23 and 8.24, also appears in the thermo¬ 
electric data. The thermoelectric power of these samples reverses sign 
just below the temperature where the mobility drops catastrophically. 
This is illustrated in Figure 8.34, where the behavior is contrasted with 
the degenerate samples 125 and 140. Sample 563 was deliberately pre¬ 
pared with almost the same concentration of donors as 126, but was highly 
compensated. Thus at low temperatures only a few electrons remain on the 
arsenic atoms instead of nearly all as for the only slightly-compensated 
sample 126. Crudely speaking, the sign of Q in the impurity-conduction 
region is related to the degree of filling just as Q for an almost filled (valence) 
band is positive (p-type) and that for an almost empty (conduction) band 
is negative (n-type). 

In the intrinsic region, Eq. (8.55) must be generalized to account for 
the parallel contribution of both the valence and conduction bands; that 
is, for the diffusion of both electrons and holes down the thermal gradient. 
If the individual electron and hole contributions are designated Q e + and 
Q e _, then the generalization becomes 

Q e = (Qc+pn+ + Qe~nn-)/(nn- + p/x+) (8.60) 

where Q e + and Q e - are given by (8.55) and m+ and /x_ are the hole and 
electron mobilities. Since Q e + and Q e ~ have opposite signs, (8.60) is con¬ 
siderably smaller than (8.55) when ^ . Figures 1.28 and 8.35 illus- 



Figure 8.35. The thermoelectric power of silicon in the intrinsic range. Measured 
points and calculated curves using Eq. (8.55) for samples containing ~8 X 10 14 
excess boron atoms per cm 3 (p-type) and 3 X 10 14 excess phosphorus atoms per cm 3 
(n-type). {After Geballe and Hull. 81 ) 
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trate the transition from extrinsic to intrinsic regions. The agreement 
between the curves calculated from Eq. (8.60) and the measured points 
is satisfactory, particularly since small errors in any of the six parameters 

will become important. The effect of omitting the phonon-drag term is 
evident in the extrinsic region. 


Thermomagnetic Phenomena 

The presence of a magnetic field, H , modifies the thermoelectric phe¬ 
nomena in two ways. It produces a transverse voltage at right angles to H 
and AT, called the “Nernst voltage,” BH , (analogous to the Hall voltage 
in the case of electrical current flow). It also produces a change in the 
Seebeck voltage called the “magneto-Seebeck effect,” A Q H , (analogous 
to the change of resistance in the electrical case). These effects have been 
studied in detail recently. 90 Phonon-drag effects are important in under¬ 
standing B and A Q H . At temperatures where Q e ^ Q p the phonon-drag 
contribution to the Nernst effect, B p , and magneto-Seebeck effect, A Q p , 
far outweighs the electronic contribution. The magnitude and anisotropy 
of these phonon-drag effects give valuable information about the anisotropy 
of the phonon-electron interactions and quantitative information about 

the magnitude and frequency dependence of r(q), the phonon-phonon re¬ 
laxation time. 

As an example, the phenomenological relationship between the low 
field Nernst coefficient, B p , the Hall electron mobility /.l h , and Q p 


B P = tQ P LiH/c (8.61) 

is illustrated in Figure 8.36 where it can be seen that the sum of the slopes 
of Q p and ix H is about equal to the slope of B. The magnitude of the pro¬ 
portionality constant £ which varies from about 0.25 to 0.40 over the 
temperature range can be calculated by explicit expressions obtained by 
Herring 90 in terms of a rather simple model. The three or four constants 
entering into theory can be chosen so as to fit eleven phenomenologically 
nonrelated experimental thermomagnetic quantities to a high degree of 
accuracy. A revealing demonstration of the anisotropy is shown in Figure 
8.37 where the magneto-Seebeck measurements for three crystal directions 
are compared to magnetoresistance measurements. It is apparent that 
the anisotropy of A Q p is related to (and somewhat less than), the ani¬ 
sotropy ratio = m ± T\\/m\\T ± introduced in the previous discussion of 

magnetoresistance. 


Thermal Conduction 

The thermal conductivity of a dielectric is due to the anisotropic phonon 
distribution and is given by a generalization of Eq. (8.59) 
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Figure 8.36. Measured temperature variation of the low field Nernst coefficient 
B. phonon-drag thermoelectric power Q p and Hall mobility hh for a moderately high- 
purity n-sample. B is almost proportional to the product hhQp over the whole range. 

(After Herring, Geballe and Kunzler . 90 ) 

K -\Yj C(q)cV(q) (8.62) 

O q 

where the sum is over all modes, q. C(q) is the heat capacity, and c the 
velocity of mode q as before. The qualitative behavior for all good di¬ 
electric crystals is the same and is illustrated in Figure 8.38. At low tem¬ 
peratures, in the boundary scattering region, r(q) = n is constant; K 
varies as T\ reflecting the T 3 dependence of the heat capacity. At the 
maximum, K is extremely sensitive to defect or impurity scattering since 
there is very little other thermal resistance. For instance, in Figure 8.38 the 
effect of decreasing the fluctuations in mass due to the normal distribution 
of the isotopes in germanium is seen to have a profound effect. 91 The two 
samples being compared contained less than 10 _9 electrically active im¬ 
purities per cc after careful purification, so it is believed that the difference 
between the conductivities of the enriched (95.8 per cent Ge 74 ) sample and 
the normal sample is solely due to the isotopic variation. 

The theory of Klemens predicts just such an effect as this. 92 The theory 
indicates that the conductivity difference should be even greater than is 
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OTHER PROPERTIES OF GERMANIUM AND SILICON 

J5 6 em P hasis of this chapter has been on the electron energy-level 
.pectra and transport mechanisms. Chapters 10, 11, and 12 will deal 

extensively with certain other bulk properties of Ge and Si. In this section 
a brief mention will be made of other topics. 

Non-ohmic Behavior at High Electric Fields—“Hot Electrons” 

It is Possible to have a nonlinear relation between current density and 
ectnc field 8 in bulk homogeneous material where the conductivity > 
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Figure 8.38. Comparison of K for a high-purity germanium sample of normal iso¬ 
topic abundance with that of a high-purity sample of 95.8 per cent Ge. 74 The mass 
fluctuations due to the random distribution of isotopes in the normal sample are 
^n to be important in scattering phonons over the whole temperature range. The 
insert shows the sample orientation and dimensions. ( After Geballe and Hull . 91 ) 

uniform throughout the sample. This has been observed, and at least 
semi quantitatively understood, in a variety of circumstances. A consider¬ 
able amount of work in this field was discussed at the International Con¬ 
ference on Semiconductors in Rochester, August, 1958, and will be pub- 
ushed in the Journal of Physics and Chemistry of Solids. The field has been 
extensively reviewed by Gunn, 94 and recent topics have been discussed by 
Koenig 90 at the conference. 

First let us consider the “hot” electron situation. Assumption 2 of p. 345 
is violated when the carrier gains an appreciable amount of energy from 
£ between collisions. The rate at which carriers gain energy is proportional 
to their mobility. In high mobility semiconductors it is possible to gain 
energies that are appreciable with respect to kT and thus to produce 
■hot-electrons.” The term “electron-temperature” which is commonly 
used to characterize the situation is strictly applicable only for an isotropic 
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Maxwellian distribution. Sasaki et aL 96 have measured a marked anisotropy 
of the current flow in germanium in the nonlinear region and are able to 
explain their results for ra-germanium in terms of the many-valley model 
(Figure 8.2A) by assuming different “temperatures” for valleys oriented 
differently with respect to S. The investigation of Ryder 97 disclosed that 
in Ge for 8 about 1000 volts per cm at 300°K (or 100 volts per cm at 77°i 
the current density is no longer proportional to 8 and at about 4000 volts 
per cm at 300°K (or 2000 volts per cm at 77°K) it becomes almost inde¬ 
pendent of 8. The results have been attributed 98 to the decrease in mo¬ 
bility as the “electron-temperature” is raised. Shockley 98 has shown that, 
in the limit of high-electric fields, acoustic scattering leads to the current 
density, J, being proportional to 8 1/2 . There is a range of fields where such 
a proportionality seems to be obeyed, however in order to explain the 
observed independence of J upon 8 at the highest 8 values, additional 
scattering mechanisms such as optical mode emission must be invoked. 

At much higher fields about 2 X 10 volts per cm, carrier pairs can be 

generated by the breaking of lattice bonds and “avalanche breakdown" 

occurs. The results of detailed theory and experiment 94 are in good agree¬ 
ment. 

Koenig and Gunther-Mohr 79 have observed another type of nonlinearity 
in germanium at low temperatures where only a very small fraction of the 
electrons are ionized and at quite low electrical fields (a few hundredth- 
of a volt per cm). This is presumed to be caused by a decrease in the prob¬ 
ability that an electron in the conduction band will be captured by an 
ionized donor as its velocity increases. Thus as the electron temperature 
is raised more electrons remain in the conduction band, thus causing the 
current to increase faster than 8. Since they are in a temperature region 
where ionized-impurity scattering dominates, raising the electron temper¬ 
ature also causes the mobility to increase. This conclusion is verified by 
measurements of Hall mobility. 

Also at low temperatures but at higher fields, of the order of a few vote 
per cm, bieakdown occurs. I he effect is due to charge carrier multipli¬ 
cation by impact ionization of impurities by free charge carriers. For 
example, Sclar and Burstein observed the current to increase six order - 
of magnitude at 4.2°K for few per cent increase in 8, due to a sixfold order 
of magnitude increase in the number of conduction band carriers. 

Thermodynamic Properties 

The heat capacities of the Group I\ elements have recently been niec.^ 
ured very accurately by Morrison and co-workers. 100 The Debye 6 for G- 
and Si goes through a pronounced minimum at low temperatures; this is 
associated with the sharp bend-over of the transverse acoustical spectrum 
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'hown in Figure 8.7. Diamond appears to be more normal. The heat ca¬ 
pacity data for Si and Ge have been fitted with less than one-half per 
^nt error over the whole temperature range by Phillips 101 using a frequency 
distribution based on the neutron dispersion curves, Figure 8.7. 

The low-temperature heat capacity of degenerate silicon has a term 
*~hich is linear in temperature. 102 This linear, electronic term disappears 
ipon neutron bombardment, which lowers the free carrier concentration. 
The original carrier concentration and the linear term reappear upon 
annealing. Recent experiments on boron-doped crystals by Keesom and 
Seidel 102 show that the boron mass 10-neutron reaction produces sufficient 
He 4 inside the crystal for the X-point heat capacity to be clearly observed. 

103 

Recent measurements of Gibbons confirm the earlier results that the 
coefficient of expansion of silicon becomes negative below 120°K, whereas 
•hat of germanium tends to zero below 50°K. Using all measured quanti¬ 
ses to calculate the Gruneisen factors, and the theory of Barron, 104 he 
concludes that the sum of the Gruneisen constants for the transverse 
modes of silicon, 




d In Vi 

din V ’ 


(where Vi is the frequency of the i th mode) 


is negative and dominates below 120°K. 


Ma gnetic Susceptibility 

The magnetic susceptibility of germanium and silicon have been studied 
extensively following the work of Busch and Mooser 10 '’ on gray tin. Bowers 100 
i ' given a summary of the most recent results and the reader is referred 
to his article for complete references and discussion. 

The measured susceptibility x, is the sum of the contribution of the lat¬ 
tice xl and the charge carriers xc • These can be considered to be independ- 
--t of each other to a good approximation so that xl can be determined 
: c very pure material and then used to find xc in more heavily-doped mate- 
by simply subtracting xl from the measured value. The diamagnetic 
«* otribution resulting from the carrier’s motion in the conduction band 
Lmdau-Peierls theory) far outweighs the paramagnetic contribution 
llting from the spin of the carriers. The good agreement with experi¬ 
ment which is obtained for heavily-doped germanium at liquid helium 
vmperatures using the measured cyclotron-resonance masses and the 
I • it- valley model of the conduction band shown in Figure 8.2A is evidence 
c t the bands are parabolic up to at least 0.08 ev above the band edge. 
The susceptibility measurements, like the thermoelectric measurements 
e footnote p. 370), determine a “density of states” mass m (N) (see Eq. 
* 19 ), which is in agreement with the four-valley model rather than the 
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equally possible—in so far as cyclotron resonance is concerned—eight- 
valley model. 

10 7 

Sonder and Stevens have been able to study the paramagnetic 
contribution of bound localized-donor states in silicon. This contribution 
follows a simple Curie T 1 law except for concentrations greater than 

17 • • 

2 X 10 where interactions between the more closely-spaced donors (i.e.. 
the onset of “impurity-conduction,” see p. 362) become important. In 
germanium, the simple Curie law dependence has not been found, pre¬ 
sumably because interactions between adjacent donors occur at such low 
concentrations. 

OTHER GROUP IV SEMICONDUCTORS 

Diamond 

Approximate information about the forbidden energy gap of diamond 
is available from the long wave length absorption edge, which occurs at 
0.22 microns, corresponding to an energy of 5.6 ev. 108 As Burstein and 
Egli 109 point out, this represents a lower limit to the forbidden energy gap 
since the absorption processes may involve exciton formation rather than 
photo-ionization. Impurity levels are relatively deep so that essentially 
there are no free carriers at room temperature except for type lib dia¬ 
monds discussed below. Redfield 110 has measured the Hall mobility of 
electrons and holes in a number of diamond crystals. The carriers are- 
produced by photo-ionization from impurity levels using ultraviolet light 
and the Hall field is measured by a transient method in which it is not 
necessary to inject or eject electrons through the surface of the sample- 
Results for Redfield’s most thoroughly studied diamonds are summarized 
in Figure 8.39. It should be noted that some samples become n-type and 

o 

others p-type upon irradiation with the light (^4000A). The most striking 
feature of the data is the tendency of the sample mobilities to follow a 

_O/n 

1 ' “ temperature curve as predicted for lattice scattering by the deforma¬ 
tion potential theory (p. 352). Redfield concludes that the lattice scattering 
mobility of electrons is 1800 cm 2 /volt sec at 300°K and that for holes 
it is at least 1200, and probably not much greater. 

Custers 111 discovered in 1952 that some diamonds which transmit ultra¬ 
violet light (i.e., some type II diamonds) have moderate conductivity a: 
ordinary temperatures. He designated these “type lib” diamonds. Semi¬ 
conducting properties of these type lib diamonds which are found to be 
p-type have been investigated by a number of workers. Austin and Wolfe 12 
found a mobility and its temperature dependence for a sample whose 
resistivity is 270 ohm cm at 20°C to be in general agreement with that o: 
Redfield. Wedepohl 113 however finds a T~ 2 ' 8 dependence of mobility at 
higher temperatures (between 400° and 800°K). He is able to analyze hi? 
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Figure 8.39. 
Med field. 105 ) 


Hall mobility vs. temperature for n and p-diamond samples. (After 


Hall data using the method described on p. 338 and finds between 10 16 

17 • • • 

and 10 majority impurity atoms at around 0.3 ev above the valence band 
which participate in the ionization equilibrium. Mitchell and Wedepohl 114 
find a low longitudinal magnetoresistance for p-diamond indicating the 
'and edge occurs at k = 0 as is the case with p-silicon and p-germanium. 
The band structure of graphite which is, of course, the stable form of 


bon at room temperature, has been studied recently by cyclotron res¬ 
onance experiments. 110 There is no energy gap; in the pure material elec¬ 
trons and holes are present in equal concentrations. 

silicon Carbide 

SiC occurs in cubic (beta) and hexagonal (alpha) modifications which 
differ only in the ordering of the close packed planes. Busch J has measured 
:he Hall effect and resistivity as functions of temperature on a variety of 
>iC crystals. More recent work has shown that n- or p-type crystals can 
be made by doping with nitrogen or aluminum. 124 Optical absorption 
measurements 117 and intrinsic electrical conductivity 118 on the hexagonal 
modification are in good agreement. They give an energy gap at 300° of 
2.86 ev and 


G 


3.3 X 10 4 ev deg 


-i 


The infrared reflection spectrum of SiC indicates an appreciable polar 
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character to the bond in keeping with the large difference in electronega¬ 
tivity of silicon and carbon. 

Germanium-Silicon Alloys 

Germanium and silicon form a continuous series of solid solutions or 
alloys. The atoms are arranged at random on the diamond lattice sites. 
The electronic energy-band spectrum discussed previously can be applied 
only loosely to alloys. The bands become “fuzzy,” i.e., there are regions 
with high and low densities of allowed states. However, Herman 16 has 
argued that the main features of the energy spectra of ordered Ge-S; 
compounds should be relatively well preserved in the alloys. This conclusion 
is supported by the optical absorption data 119 which is discussed in Chapter 
10, and shown in Figure 10.6. A discontinuity in the change of the optical 
band gap with composition at 15 to 20 mole per cent Si is believed to be 
due to a change in the conduction band valleys from their germanium-like 
(Figure 8.3A) configuration to their silicon-like (Figure 8.3B) configuration 

Gray Tin 

Gray tin, or, a-tin, is the stable form of the metal below +13.3 ± .3°C.“ 
There is no pure liquid phase in equilibrium with gray tin. As a result. 
the conversion is a slow solid-transformation process. Large volume change- 
during the transformation make it difficult to obtain good single crystals 
Recent experiments by Tufte and Ewald 121 overcome this difficulty by 
growing a-tin crystals from a liquid mercury solution at 25°C. The result¬ 
ing crystals have a high degree of perfection. Residual resistance measure¬ 
ments indicate a total impurity content of less than 0.001 per cent; this 
puts quite a low limit on the solubility of mecury in gray tin. Both n- and 
p-type gray tin have been obtained by varying the impurities present in 
the mercury. The thermal energy gap is 0.08 ev in agreement with earlier 
work for crystals made by the direct transformation of white tin. Because 
of the small energy gap, gray tin is usually intrinsic at room temperature 
and highly (~10 4 ohm -1 cm ') conducting. J 

Liquid Phases 

Liquid phases of Ge, Si and their alloys become metallic; the conductivity 
is greater than for the solid and decreases with increasing T. 122 This is t« 
be expected since the coordination number of the Ge and Si in the liquid 
phase is greater than 4, that is, it becomes more like that of a metal. The 
change of the conductivity upon melting and the highest value of con¬ 
ductivity of germanium-silicon liquid solutions have their maxima at the 
equimolar composition. 123 



GROUP IV SEMICONDUCTORS 


385 


REFERENCES 

1. Wilson, A. H., Proc. Roy. Soc., A133, 458 (1931); ibid., A134, 277 (1931). 

2. Shockley, W., “Electrons and Holes in Semiconductors,” Princeton, D. Van 

Nostrand Co., Inc., 1950. 

3. The methods are discussed in detail in Chapter 3. 

4. Ivohn, W., International Conference on Semiconductors, Rochester 1958; to be 

published in J. Phys. Chem. Solids. 

5. Skinner, H. W. B., Phys. Soc. London, Repts. Progr. in Phys., 5, 257 (1939). 

6. Wannier, G., “Elements of Solid State Theory,” Cambridge, Cambridge Uni¬ 

versity Press, 1959. 

7. Pearson, G. L., and Suhl, H., Phys. Rev., 83, 768 (1951). 

8. Meiboom, S., and Abeles, B., Phys. Rev., 93, 1121 (1954); ibid., 95, 31 (1954). 

9- Shibuya, M., Phys. Rev., 95, 1385 (1954). 

10. Pearson, G. L., and Herring, C., Physica, 20, 975 (1954). 

11. Dresselhaus, Kip and Kittel, Phys. Rev., 98, 368 (1955). 

12. Lax, Zeiger and Dexter, Physica, 20, 818 (1954); Phys. Rev., 104, 637 (1956). 

13. Zwerdling, S. and Lax, B., Phys. Rev., 106, 51 (1957); Burstein, E., and Picus, 

G. S., Phys. Rev., 105, 1123 (1957). 

14. Smith, C. S., Phys. Rev., 94, 42 (1954). 

15. Herman, F., Proc. I.R.E., 43, 1703 (1955). 

16 . Brooks, H., “Advances in Electronics and Electron Physics,” Vol. VII, L. 

Marton, Ed., New York Academic Press, Inc., 1955. 

17. Kittel, C., “Introduction to Solid State Physics,” 2nd ed., p. 85, New York, 

John Wiley & Sons, Inc., 1956. 

18. Shockley, W., Phys. Rev., 88, 953 (1952). 

19. Kittel, C., Am. J. Phys., 22 (250) (1954). 

20. Dexter, Lax, Kip and Dresselhaus, Phys. Rev., 96, 222 (1954). 

21. Elliott, It. J., Phys. Rev., 96, 266, 280 (1954); Kahn, A. H., Phys. Rev., 97, 1647 

(1955). 

22. Luttinger, J. M., and Kohn, W., Phys. Rev., 97, 869 (1955). 

23. Dash, W. C., and Newman, It., Phys. Rev., 99, 1151 (1955). 

24. Landau, L., Z. Physik, 64, 629 (1930). 

25. Brockhouse, B. N., and Iyengar, P. K., Phys. Rev., 108, 894 (1957); 111, 747 (1958). 

26. McSkimin, H. J., J. Appl. Phys., 24, 988 (1953). 

27. Haynes, J. It., Bull. Am. Phys. Soc. II, p. 330 (1958); (For Si; for Ge, to be pub¬ 

lished.) 

28. MacFarlane, McLean, Quarrington and Roberts, Phys. Rev., 108, 1377 (1957). 

29. Pearson, G. L., and Bardeen, J., Phys. Rev., 75, 865 (1949). 

30. Morin, F. J., and Maita, J. P., Phys. Rev., 94, 1525 (1954). 

31. ibid., 96, 28 (1954). 

32. Paul, W., and Brooks, H., Phys. Rev., 94, 1128 (1954). 

33. Muto, T., and Oyama, S., Progr. Theoret. Phys. (Japan), 5, 833 (1950); ibid., 

6, 61 (1951); Fan, H. Y., Phys. Rev., 82, 900 (1951). 

34. Kohn, W., “Shallow Impurity States in Silicon and Germanium,” Vol. 5 of 

“Solid State Physics,” F. Seitz and D. Turnbull, Eds., New York, Academic 
Press, Inc., 1957. 

35. Quoted by G. L. Pearson and J. Bardeen, Ref. 20. 

36. Horn, F. H., Phys. Rev., 97, 1521 (1955). 

37. Kohn, W., and Luttinger, J. M., Phys. Rev., 97, 1721 (1955); ibid., 98, 915 (1955). 



386 


SEMICOND UCTORS 


38. Feher, G., International Conf. on Semiconductors, Rochester, 1958; J. Phys. 

Chem. Solids, to be published. 

39. Watkins, G. D., Bull. Am. Phys. Soc. II, 2, 345 (1958); Ludwig, G. W., and 

Woodbury, H. H., ibid., 3, 135 (1958). 

40. Pearson, G. L., Struthers, J. D., and Theuerer, H. C., Phys. Rev., 77, 809 (1950). 

41. Pekar, S. I., J. Exptl. Theoret. Phys. (USSR), 31, 351 (1956); Soviet Physics 

JETP, 4, 271 (1957); Landsberg, P. T., in “Halbleiter und Phosphore,” p. 45, 
M. Schon and H. Welker, Eds., Braunschweig, F. Vieweg & Sohn, 1958. 

42. Geballe, T. H., and Morin, F. J., Phys. Rev., 95, 1085 (1954). 

43. Reiss, H., J. Chem. Phys., 25, 681 (1956). 

44. Kaus, P. E., Phys. Rev., 109, 1944 (1958). 

45. Newman, R., and Tyler, W. W., “Photo Conductivity in Ge,” preprint of Chap¬ 

ter in “Solid State Physics,” F. Seitz and D. Turnbull, Eds., New York, 
Academic Press, Inc. 

46. Tyler, W. W., personal communication. 

47. Woodbury, H. H., and Tyler, W. W., Phys. Rev., 102, 647 (1956); ibid., 105, 84 

(1957). 

48. Wolfstirn, K., and Fuller, C. S., J. Chem. Phys. Solids (in press). 

49. Dunlap, W. C., Jr., Phys. Rev., 100, 1629 (1955). 

50. Fuller, C. S., and Severins, J. C., Phys. Rev., 96, 21 (1954). 

51. Collins, C. B., and Carlson, R. O., Phys. Rev., 108, 1409 (1957). 

52. Seitz, F., “Modern Theory of Solids,” 1st ed., p. 168 et. seq. New York, McGraw- 

Hill Book Co., Inc., 1940. 

53. Bond, W. L., Phys. Rev., 78, 646 (1950). 

54. Prince, M., Phys. Rev., 92, 681 (1953); ibid., 93, 1204 (1954). 

55. Debye, P. P., and Conwell, E. M., Phys. Rev., 93, 693 (1954). 

56. Morin, F. J., and Maita, J. P., Phys. Rev., 96, 28 (1954). 

57. Herring, C., Bell System Tech. J., 34, 237 (1955). 

58. Herring, C., and Vogt, E., Phijs. Rev., 101, 944 (1956). 

59. Fan, H. Y., “Solid State Physics,” Vol. I, p. 323, F. Seitz and D. Turnbull. 

Eds., New York, Academic Press, Inc. (1955). 

60. Bardeen, J., and Shockley, W., Phys. Rev., 80, 72 (1950). 

61. Morin, F. J., Phys. Rev., 93, 62 (1954). 

62. Willardson, Harmon and Beer, Phys. Rev., 96, 1512 (1954); Beer, A. C., and 

Willardson, R. K., Phys. Rev., 110, 1286 (1958). 

63. Lax, B., and Mavroides, J. G., Phys. Rev., 100, 1650 (1955). 

64. Ehrenreich, H., and Overhauser, A. W., Phys. Rev., 104, 331 (1956); ibid., p. 649. 

65. Conwell, E. M., Bull. Am. Phys. Soc. II, 3, 101 (1958). 

66. Conwell, E. M., and Weisskopf, V. F., Phys. Rev., 77, 388 (1950). 

67. Erginsoy, C., Phys. Rev., 79, 1013 (1950). 

68. Dingle, R. B., Phil. Mag., 46, 831 (1955). 

69. Hung, C. S., and Gliessman, G. R., Phys. Rev., 79, 726 (1950); ibid., 96, 1226 

(1954). 

70. Gudden, B., and Schottky, W., Z. tech. Phys., 16, 323 (1935); Hung, C. S., Phys . 

Rev., 79, 727 (1950); Busch, G., and Labhart, H., Helv. Phys. Acta, 19, 463 
(1946). 

71. Fritzsche, H., Phys. Rev., 99, 406 (1955); J. Chem. and Phys. of Solids, 6, 69 

(1958). 

72. Koenig, S. H., and Gunther-Mohr, G. R., J. Phys. Chem. Solids, 2, 268 (1957). 

73. Mott, N. F., Can. J. Phys., 34, 1356 (1956). 



GROUP IV SEMICONDUCTORS 


387 


74. Pearson, G. L., and Herring, C., Physica, 20, 975 (1954). 

75. Kapitza, P., Proc. Roy. Soc., A123, 291 (1929). 

76. Glicksman, M., “The Magnetoresistivity of Germanium and Silicon,” to be 

published in “Progress in Semiconductors,” A. F. Gibson, Ed., (New York, 
John Wiley & Sons, Inc.). 

77. Furth, H. P., and Waniek, R. W., Phys. Rev., 104, 343 (1956). 

78. Morin, Geballe and Herring, Phys. Rev., 105, 525 (1957). 

79. Berman, Foster, Ziman and Simon, Proc. Roy. Soc., A220, 171 (1953). 

SO. White, G. K., and Woods, S. B., Phys. Rev., 103, 569 (1956); Carruthers, Geballe, 
Rosenberg and Ziman, Proc. Roy. Soc., A238, 502 (1957). 

81. Geballe, T. H., and Hull, G. W., Phys. Rev., 98, 940 (1955). 

82. Wagner, C., Z. physik. Chem., B22, 195 (1933). 

83. Gurevich, L., J. Phys. USSR, 9, 477 (1945); ibid., 10, 67 (1946). 

84. Pikus, G. E., J. Exptl. Theoret. Phys. USSR, 21, 852 (1951). 

85. Frederikse, H. P. R., Phys. Rev., 91, 491 (1953); ibid., 92, 248 (1953); Geballe, 

T. H., Phys. Rev., 92, 857 (1953); Herring, C., Phys. Rev., 92, 857 (1953). 

86. Herring, C., “Role of Low Energy Phonons in Thermoelectricity and Thermal 

Conduction,” in “Halbleiter und Phosphore,” M. Schon and H. Welker, 
Eds., Braunschweig, Friedrich Vieweg & Sohn, 1958. 

87. Klemens, P. G., “Encyclopedia of Physics,” Vol. XIV, p. 198, S. Fliigge, Ed., 

Berlin, Springer-Verlag, 1956. 

88. Casimir, H. B. G., Physics, 5, 495 (1938). 

89. Price, P. J., Phil. Mag., 46, 1252 (1955). 

90. Herring, Geballe and Kunzler, Phys. Rev. Ill, 36 (1958); Part II submitted to 

B.S.T.J 

91. Geballe, T. H., and Hull, G. W., Phys. Rev., 110, 773 (1958). 

92. Slack, G. A., Phys. Rev., 105, 829 (1957). 

93. Peierls, R., Ann. Physik, 3, 1055 (1929); “Quantum Theory of Solids,” Oxford, 

Clarendon Press, 1955. 

94. The experimental and theoretical work is summarized by J. B. Gunn, “High 

Electric Field Effects in Semiconductors,” in “Progress in Semiconductors,” 
Vol. 2, A. F. Gibson, Ed., New York, John Wiley & Sons, 1957. 

95. Koenig, S. H., International Conference on Semiconductors, Rochester, N. Y., 

Aug. (1958); to be published in J. Phys. Chem. Solids. 

96. Sasaki, Shibuya, Mizukuchi and Hatoyama, International Conference on 

Semiconductors, Rochester, N. Y., Aug. (1958); to be published in J. Phys. 
Chem. Solids. 

97. Ryder, E. J., Phys. Rev., 90, 766 (1953). 

98. Shockley, W., Bell System Tech. J., 30, 990 (1951); see also Shibuya, M., Phys. 

Rev., 99, 1189 (1955); Conwell, E. M., Phys. Rev., 90, 769 (1953). 

99. Sclar, N., and Burstein, E., J. Phys. Chem. Solids, 2, 1 (1957). 

hJO. Morrison, Flabacher and Leadbetter, Proc. Phys. Soc. (to be published); see 
also Keesom, P. H., and Pearlman, N., Chapt. XIV in “Encyclopedia of 
Physics,” S. Fliigge, Ed., Berlin, Springer-Verlag, 1956; and for diamond, 
Burk, D. L., and Friedberg, S. A., Phys. Rev., Ill, 1275 (1958). 

191. Phillips, J. C., Phys. Rev. (to be published). See also Cole, H., and Kineke, E., 
Phys. Rev. Letters, 1, 360 (1958), and Marcus, P., (to be published). 

102. Pearlman, N., and Keesom, P. H., Phys. Rev., 88, 398 (1952); Keesom, P. H. 

and Seidel, G., Phys. Rev., Ill, 422 (1958). 

M3. Gibbons, D., (to be published). 

H>4. Barron, T. H. K., Ann. Physics, 1, 77 (1957). 


388 


SEMICOND UCTORS 


105. Busch, G., and Mooser, E., Helv. Phys. Acta, 26, 611 (1953). 

106. Bowers, R., International Conference on Semiconductors, Rochester, N. Y., 

Aug. 1958; J. Phys. Chem. Solids (to be published). 

107. Sonder, E., and Stevens, D. K., Phys. Rev., 110, 1027 (1958). 

108. Robertson, R., Fox, J. J., and Martin, A. E., Phil. Trans. Roy. Soc., A232, 463 

(1934). 

109. Burstein, E., and Egli, P. H., “Advances in Electronics and Electron Physics,” 

Vol. VII, L. Marton, Ed., New York, Academic Press, Inc., 1955. 

110. Redfield, A. E., Phys. Rev., 94, 526 (1954). 

111. Custers, J. F. H., Physica, 18 , 489 (1952). 

112. Austin, I. G., and Wolfe, R., Proc. Phys. Soc., B69, 329 (1956). 

113. Wedepohl, P. T., Proc. Phys. Soc., B70, 177 (1957). 

114. Mitchell, E. W. J., and Wedepohl, P. T., Proc. Phys. Soc., B70, 527 (1957). 

115. Galt, Yager and Dail, Phys. Rev., 103, 1586 (1956). 

116. Busch, G., Helv. Phys. Acta, 19, 167 (1946); 19, 189 (1946). 

117. Choyke, W. J., and Patrick, L., Phys. Rev., 105, 1721 (1957). 

118. Racette, J. H., Phys. Rev., 107, 1542 (1957). 

119. Braunstein, Moore and Herman, Phys. Rev., 109, 695 (1958). 

120. Raynor, G. V., and Smith, R. W., Proc. Roy. Soc., 244, 101 (1958). 

121. Tufte, O. N., and Ewald, A. W., Bull. Am. Phys. Soc., II, 3, 128 (1958). 

122. Keyes, R. W., Phys. Rev., 84, 367 (1951). 

123. Ablova, Elpat’evskaia and Regel, J. Tech. Phys. USSR, (Translation) 1, 1337 

(1957). 

124. Lely, G. A., Ber. deut. keram. Ges., 32, 229 (1955). 


CHAPTER 9 


PROPERTIES OF SOME COVALENT SEMICONDUCTORS 

J. M. Whelan 

INTRODUCTION 

Semiconductors are classified broadly according to their type of chem¬ 
ical bonding. This division is readily apparent for such extreme examples 
as Ge and MgO, in which the bonding is predominantly covalent and 
ionic, respectively. The classification becomes ambiguous for intermediate 
cases, as shown in Chapter 2. This chapter covers the properties of several 
groups of intermetallic semiconductors, as well as B, Se and Te. It is a 
continuation of the previous chapter, in that the semiconducting prop¬ 
erties of the above materials are attributed to the predominantly covalent 
nature of the bonding. The binary intermetallic compounds, to be dis¬ 
cussed in some detail, have the formulas: A m B v , A 2 n B IV , and A 2 V B3 VI . 

Other binary semiconductors which might be properly included in this 
chapter are the I-V and II-V compounds as well as a number of miscel¬ 
laneous compounds such as TlSe 3 , SnSe and SeAs. The ternary compounds 
having the formulas: A I B III C 2 VI , A^WV 1 , A 3 I B V C 3 VI , A 3 I B V C 4 VI , 
A II B IV C 2 V and A II B 2 III C 4 VI might also be included. However, the available 
information about the above compounds is limited. (See Tables 2.1 and 
2 . 2 .) 

THE GROUP lll-V COMPOUNDS 

The Group 11 I-V compounds form a class of intermetallic semiconduct¬ 
ing compounds having the formula A m B v . These compounds have been 
actively studied since their semiconducting properties were first noted by 
Welker in 1952. 1 Their properties have been the subject of a number of 
recent review articles. 2- ' The scientific interest in these compounds, as 
representing a distinct class of solids, has been stimulated by their poten¬ 
tial technological importance. They provide a wider selection of the basic 
semiconductor parameters, energy gaps and carrier mobilities, than do the 
Group IV elements. 

The III—V compounds have the zinc-blende structure which is identical 
to the diamond lattice except that each group III atom has four tetra- 
hedrally arranged Group V neighbors and vice versa. A comparison of the 
melting points, energy gaps and near neighbor distance of several 11 I-V 
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Table 9.1. Comparison of the III-V Compounds with Corresponding Group 

IV Semiconductors 


Material 

Melting Point 

(°C) 

Energy Gap 
at 300°K 

Distance between 
near neighbors 

A1P 

>1500 

3.0 ev 

2.36 A 

Si 

1412 

1.08 

2.34 

GaAs 

1238 

1.35 

2.44 

Ge 

958 

0.66 

2.44 

InSb 

523 

0.17 

2.80 

a-Sn 

232 

0.1 

2.8 


compounds, with their corresponding horizontal isoelectronic Group IV 
elements, is shown in Table 9.1. 

In all cases, the melting point and energy gaps of the III-V compounds 
are higher than the corresponding Group IV semiconductors, although 
the near-neighbor separation remains approximately the same. Evidence 
for an ionic component in the bonds of the III-V compounds includes 
the observation by Pfister that InSb and AlSb cleave along the (110 * 
plane like ZnS and not along the (111) plane as does Ge. 8 Cleavage along 
the {111} planes in the III-V compounds does not occur because of the 
electrostatic attraction between alternate sheets of Group III and Group 
V atoms which make up these planes. The {110} planes contain equal 
numbers of each atom. A displacement along a (110) plane reduces the 
lattice energy because of the repulsion of like charged neighboring ions. 
Further evidence for an ionic component in the bonds has been obtained 
from optical absorption and reflectivity data. The method for obtaining 
the magnitude of the effective charge, which includes an average charge 
responsible for ionic bonding as well as one due to polarization, from optical 
data is described in Chapter 10. Polarization or deformation changes 
arise from neighboring ion interactions when the ions are displaced from 
their equilibrium positions. The values found for the effective charges are: 
InSb, 0.34 9 ; InP, 0.58; InAs, 0.34; GaAs, 0.50; GaSb, 0.18; AlSb, 0.41* 
The earliest estimates of the ionicity of the III-V compounds were based 
on Pauling’s electronegativity scale. All the III-V compounds have an 
electronegativity difference of 0.3 to 0.5 units which corresponds to an 
ionicity of 5 to 10 per cent for the bonds. Several models have been studied 
which have contributed qualitatively to the understanding of the simi¬ 
larities and differences between the III-V compounds and the correspond¬ 
ing Group IV elements. These have been mentioned in Chapter 2. 11-14 

Herman has pointed out the necessity of developing a highly detailed 
description of the conduction and valence bands, in order to explain the 
detailed properties of zinc-blende-type crystals. 15 He deduced the general 
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Figure 9.1. Hypothetical energy band contours for A1P, GaAs and InSb. (After 
Herman. 15 ) 


features of the energy bands for several III-V compounds from the exist¬ 
ing knowledge of the band structure for the Group IV elements. Postulated 
structures for A1P, GaAs and InSb, analogs of Si, Ge and Sn, are shown 

in Figure 9.1. The band structure of InSb has been the subject of several 

• *1 0 * 
other theoretical studies. They are more appropriately covered in 

Chapter 10 because optical data have provided the most detailed experi¬ 
mental information concerning the band structure of this compound. 

Indium Antimonide 

Indium antimonide is by far the most extensively studied member of 
the Group III-V compounds. There are two reasons for the early interest 
in this semiconductor. First, it is relatively easy to prepare single crystal 
InSb with purities one to three orders of magnitude higher than the other 
III-V compounds and second, InSb has unusual properties due to the 
extremely high mobility and small effective mass of conduction electrons. 

The compound is prepared by melting stoichiometric ratios of com¬ 
mercially available high purity In and zone refined Sb. Zone refining of 
the compound is an effective process for purification. The solid solubility 
of either excess component in InSb is extremely low as indicated by the 
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ability to prepare crystals with concentrations of electrically active im¬ 
purities in the range of 10 14 — 10 15 cm' 3 . One expects either excess com¬ 
ponent to result in lattice defects which should introduce electrically 
active centers. Crystals can be pulled from the melt with standard equip¬ 
ment because the vapor pressures of In and Sb are low at the melting 
point, 523°C. 

InSb has the zinc-blende structure. Its density and lattice constant at 
room temperature are 5.79 gm cm -3 and 6.48 A respectively. The con¬ 
ductivity and Hall effect of InSb above its melting point are characteristic 
of liquid metals. This is consistent with thermodynamic arguments that 

the compound exists only as a solid and that its melt has the properties 
of an ideal solution. 

The energy gap of InSb has been determined from optical absorption 
and photoconductivity data over the temperature range 4-300°K. These 
data are discussed in detail in Chapter 10 so that only the results are 
quoted here. The energy gap at 0°K is 0.25 ev; it remains essentially con¬ 
stant up to liquid N 2 temperatures and then decreases linearly with in¬ 
creasing temperatures, reaching 0.17 ev at 300°K. The temperature depend¬ 
ence of the conductivity and Hall effect has been studied extensively. 20- * 
Several of these investigations have yielded values for the thermal energy 
gap which are in good agreement with the optical gap. 27-28 Typical curves 
indicating the variation of conductivity and Hall coefficient with tempera¬ 
ture are indicated in ligures 9.2 and 9.3 for four p- and two re-type sam¬ 
ples. Comparison of the curves for the p-type samples in Figure 9.2 shows 
that the magnitude of slopes, in the steep portions of the curves, increases 
with impurity concentration. I he conductivity in these regions results 
from varying contributions of impurity and intrinsic conductivity. To 
a first approximation d In <i/d{\/T) approaches -E a /2k or zero when 
(N a - N d ) is either much smaller or larger than the geometric mean re,, 
of the carrier concentrations in a pure semiconductor. The former case 
corresponds to intrinsic and the latter to extrinsic conductivity in the 
exhaustion range. It can be shown that in the intermediate range (i.e.. 
N a — N d ~ re,-), d In a/d(l/T) approaches the limiting value, —E c k. 
for large values of b, the ratio of electron to hole mobilities. For re-type 
materials with large b, d In a/d(l/T) varies monotonically from zero to 
— E 0 /2k. Comparison of the conductivities of Sample 4 and 6 shows that 
b is indeed large. Although the net donor concentration of Sample 6 is 
only half the net acceptor concentration of Sample 4, its conductivity in 
the impurity range is more than a decade higher. The earliest estimates 
of the energy gap were derived from conductivity data of relatively im¬ 
pure p-type samples. The conductivity in the intermediate range was as- 
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Figure 9.2. Conductivity vs. reciprocal temperature for two n-type and four 
ype InSb samples. (After Madelung and Weiss. 27 ) 

'limed to be that in the intrinsic range. The resulting energy gap values 
were high by a factor of almost two. 

In the impurity range where either electrons or holes predominate, the 
Hall coefficient R , is related to the carrier concentration by the equation: 

R = • —. (9.1) 

M qp,n 

The negative sign applies to electrons and the positive to holes.* The ratio 
of Hall to drift mobility, hh/i*, depends on the contributions of various 
scattering mechanisms and the shape of the energy surfaces. It approaches 
unity for values of R measured in high magnetic fields and for degenerate 
semiconductors. The factor Stt/S is often used for \i H /v- It is derived from 
model which assumes spherical energy surfaces, Boltzmann statistics 

* Common practice is to express q, the electronic charge in coulombs and the ear¬ 
ner concentrations, p or n in cm -3 so that R has the dimensions of cm 3 /coulomb. 
These units are used exclusively in this chapter. 







394 


SEMICONDUCTORS 


and carrier relaxation times that are independent of energy. For cases 

where both electrons and holes contribute to the conductivity, the Hall 
coefficient has the form: 



nb 2 — p 
(nb + p) 2 * 



This expression is an approximation which is only strictly valid within 
the above limitations on iih/h and for R measured in small magnetic fields. 
It is the zero field limit of a more generalized expression which qualita¬ 
tively accounts for the variation of R with H . 31 ' 32 In the extrinsic range, 
the dependence of R on H is less pronounced. The uncertainty in n and p 
is ~15 per cent and ~50 per cent respectively when 871-/8 is used for 

the Hall curves shown in Figure 9.3 are for the samples whose conduc¬ 
tivities are shown in Figure 9.2. At low temperatures, the Hall coefficients 
are essentially independent of temperature, indicating that the impurities 
are still fully ionized and that the donor and acceptor ionization energies 
are small. Since b is greater than unity, R is negative for the n-type sam- 



samples de- 
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pies over the entire temperature range. For the p-type specimens, the 
~-j.i of R changes at nb = p. At temperatures above this transition tem¬ 
perature, R goes through a maximum. The mobility ratio can be calcu- 
-ated, from R max and the value of R in the extrinsic range, R ex , as follows. 
In the intrinsic or near-intrinsic temperature range, the hole concentra¬ 
tion of a p-type sample is p = N A — N D + n. This is just the condition 
.or electrical neutrality. In such a sample, R max can be determined from 
the condition, dR/dn = 0. Ihe value of n for which R reaches a maxi- 


I 


Umax — (N A — N D ) / (b — 1) (9.3) 

and 


Rmax — [ 'W/8q(N A — N D )](b — l) 2 /4 b. (9.4) 

In the exhaustion range, 


Rex = S7r/8q(N A - No). ( 9 . 5 ) 

Thus, b can be estimated from the measured values R max and R ex and the 
relation, 




l)/4 b 


Rmax /R 


ex 


(9.6) 


V alues of h estimated from Hall data are in the range 30 to 85. The above 
method assumes that b is independent of temperature. As will be shown 
-iter, this is not strictly true for InSb. However, the important point is 
that b is large. Madelung and Weiss estimated the thermal gap from the 
Hall data shown in Figure 9.3 by assuming that b was infinite. 27 For this 
limiting case, the above eauations in the intrinsic rfl.ntrp lpnrl f n • 


np = m Ok+~ N °) ■ < a7 > 

They estimated the gap to be 0.27 ev at 0°K from the slope of a plot of 
in(npT ) versus 1 /T. At the higher temperatures a small correction for 
degeneracy was made. Degeneracy has the effect of making the product, 
np, rise less rapidly with increasing temperature. Their value agrees 
with that obtained by Hrostowski et al., 0.26 to 0.29 ev. 28 

Many of the unusual properties of InSb are due to the small effective 
mass of the conduction electrons and their consequent high mobility. 
The Hall mobilities of several n-type samples of high purity are shown in 
l igure 9.4. Hrostowski et al. have fitted their experimental mobilities 
^ith a combination of calculated lattice and impurity mobility curves to 
obtain the following expression for the electron lattice mobility: 
hl = 1.09 X 10 9 T 1 ' 68 . 28 This leads to a value of 70,000 cm 2 /volt' 1 sec -1 
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Figure 9.4. Electron Hall mobility in InSb vs. temperature. (After Hrostowski. 
Morin , Geballe and Wheatley . 28 ) 

at 300°K. The highest measured value at this temperature is 63,000 cm* 
volt -1 sec -1 . Harman et al. have observed an electron mobility of 500,000 
cm 2 volt -1 sec -1 at 78°K for a sample containing 10 14 donors. 33 The nature 
of the lattice scattering mechanism is still uncertain for InSb, as it is for 
the other III-V compounds. The fact that the exponent of the tempera¬ 
ture dependence, —1.68, is close to —1.5 has been taken as evidence tha' 
acoustical mode scattering predominates. However, Ehrenreich has pre¬ 
sented arguments to show that the electron mobility is dominated by long!- 

34 • 

tudinal optical mode scattering at room temperature. He estimated tha* 
the acoustical mode mobility should be ^10 6 cm 2 volt -1 sec -1 at room tem¬ 
perature. 

The electron mobility decreases with pressure. The reduction is 12 per 
cent at 2,000 atm, whereas the energy gap increases with pressure at the 

5 35 # 

rate of 1.4 X 10 - ev/atm at room temperature. 0 Long attributes this 
effect to an increase in effective mass as the gap increases. 30 Keyes ob¬ 
served similar effects but suggested that the mobility effect is due to a 
greater contribution of electron-hole scattering. 36 

The Hall mobilities for several p-type samples are shown in Figure 9-x 
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Figure 9.5. Hole mobility in InSb vs. temperature. (After Hrostowski, Morin , 
Gtballe and Wheatley. 26 ) 

The hole lattice scattering mobility at 300°K must be extrapolated from 
lower temperatures. Samples which are p-type at room temperature are 
heavily doped that impurity scattering predominates. The highest 
measured hole mobility at 78°K is 10,000 cm 2 volt -1 sec -1 . 28 The net ac- 

# • 15 3 

ceptor concentration of this sample was 10 d cm - . In the lattice scattering 
range, the hole mobility varies as T~ 21 . Keyes noted that the hole mobility 

• • 36 

is independent of pressure. 

Impurity band conduction in p-type InSb has been observed by Fritzsche 
and Lark-Horovitz, 37 and Hrostowski et at. 28 The shapes of the Hall and 
conductivity curves in the temperature range 2 to 50°K are closely anal- 
^ous to those in Ge showing a similar phenomenon. The Hall coefficient 
has a pronounced maximum which shifts to higher temperatures with 
increasing impurity content. Hrostowski et al. estimated the acceptor 
ionization energy to be 0.007 ev from the temperature dependence of the 
Hall coefficient on the high temperature side of the maximum. This is in 
zood agreement with the ionization energy expected for a hydrogen-like 
acceptor. Fritzsche and Lark-Horovitz’s results were similar. The mo¬ 
bility in the impurity band is ^1 cm 2 volt 1 sec \ Because of the lower 
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electron effective mass, the donor ionization energies are estimated to be 

only ~6 X 10 4 ev. No evidence exists for the filling of donor levels at 

temperatures as low as 1.3°K in samples containing 10 16 donors/cm 3 . 28,38 

The implication is that at this concentration, the donor impurities form a 

band which overlaps the conduction band. 39 Cunnell and Saker point out 

that the existence of an overlap raises the question as to whether present 

measurements on ra-type InSb can be considered to be characteristic of a 

true InSb conduction band, and if not, to what extent the band is modified 

by the donor states. Hrostowski et al. estimate that donor ionization 

energies of 10 ev should be observable at 2°K in samples containing 
~10 13 donors/cm~ 3 . 

^ afet et al. have treated theoretically the effects of very large magnetic 
fields on hydrogen-like impurities at low temperature. 40 They argue that 
if the magnetic field strength is much larger than the coulomb forces, 
the effective Bohr radius will decrease (although to a different extent in 
directions perpendicular and parallel to the field) and the ionization energy 
will increase. Consequently, electrons in the conduction band will drop 
into bound states with increasing fields. This “freezing-out” effect has 
been observed by Keyes and Sladek 41 and Frederikse and Hosier 42 from 
measurement of Hall coefficients at liquid He temperatures. The latter 
group noted a sudden decrease in n at 4.2°K for fields above 11 kilogauss, 
for a sample containing 3 X10 15 donors/cm 3 . The effect was unobserved 
for fields up to 22 kilogauss in a sample containing 1.6 X 10 16 donors/cm 1 ; 

a larger overlap of the impurity and conduction bands in the latter case 
accounts for this observation. 

Values for the electron and hole effective mass in InSb have been de¬ 
rived in a number of ways. The first estimate of their geometric mean. 
(m„ m p y ) 1 , was by Tanenbaum and Maita." 1 They adjusted the density 
of states term to fit their experimental up product to the equation: 

np = N C N V exp - ( E a /kT ), (9.8, 

where 

N C N V = 4(2 kT/h 2 ){m n w m p w f'\ (9.9) 

and found ( [mj' m P ‘ ’) 1 to be 0.083m. Values for the separate 
masses were estimated from the mobility ratio, b, and the relation 
b = {m p w /m n w f’\ This expression is valid only in the temperature 
range where lattice scattering predominates and for semiconductors with 
spherical energy bands; however, it is widely used as a first approximation 
for covalent semiconductors. Values obtained in this way are m n (iN0 = 
0.034m and m p (iV) = 0.‘2m. 

Thermoelectric power measurements lead to similar values. 30,43-46 For 
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example, Weiss finds m n {N) = 0.037m and m p N) = 0.18m at 333°K. 45 
His data are consistant with an electron effective mass which increases 

m l 40 

with temperature, a result also noted by Chasmar and Stratton. On the 
other hand, Ehrenreich can fit such data with m„ (A ° = 0.013m. 34 In the 
:emperature range 200 to 500°K, he argues that longitudinal optical mode 
nattering is the predominate mechanism. Interpretation of thermoelectric 
data becomes involved when more than one scattering mechanism is 
present, when the sample is near degeneracy and when the band structures 
are complicated. Hrostowski et al. were able to explain their low tempera¬ 
ture Hall mobilities by using values of m n (A) = 0.015m and m p N) = 0.17 
nrt. 28 Dresselhaus et al. obtained 0.013m for m n * and 0.18m and 1.2m for 
itip* from microwave cyclotron resonance measurements at liquid He 

4 7 

temperatures. ' These values are those at zero magnetic field. More re¬ 
cently, Boyle and Brailsford obtained a value of 0.0155m 0.005 for 

the conduction band effective mass at zero field, also at liquid He tempera¬ 
tures, from infrared cyclotron resonance data. 48 Infrared cyclotron reso¬ 
nance in large magnetic fields was first observed by Burstein et aZ. 49 Their 
results were extended to 300 kilogauss by Keyes et al . 50 The room tempera¬ 
ture magnetic field dependence of m n * is shown in Figure 9.6. The in¬ 
crease in m n * with magnetic field is presumably related to the decreasing 
curvature of the conduction band with increasing energy. This correlates 
with an increase in m n (A) with temperature obtained from thermoelectric 

45 4 6 

power data. ’ Further evidence for the decrease in curvature of the 
conduction band with increasing energy was obtained by Spitzer and Fan 
from the optical constants of InSb samples doped to various impurity 
concentrations. 01 Their procedure is discussed in Chapter 10. The electron 
effective mass is dependent on the highest energy of the occupied states 
in the conduction band. For example, m n * is 0.023m and 0.041m for 



Figure 9.6. Variation of electron effective mass of InSb with magnetic field. (O, 
Dresselhaus et al.; 47 •, Burstein et al.; 49 O, Keyes et al. 50 ) 
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electron concentrations of 3 X 10 17 and 4 X 10 18 cm 3 respectively. They 

obtained 0.20 m for m*, which is essentially independent of the acceptor 
concentration. 

A consequence of the small electron effective mass is a small value for 
the density of states at the bottom of the conduction band, N c = 
2(2TkTm n iN) /hy i2 .At 4, 80 and 300°K, N c is only 2 X 10 14 , 2 X 10” 
and 1.4 X 10 1 ' cm' 3 respectively for a mass of 0.030m. Intrinsic InSb at 
300°K is on the fringe of degeneracy and even the purest n-type samples 
are degenerate at liquid He temperatures. Tanenbaum and Briggs first 
observed the effects of the low density of states in the conduction band 
when they observed a shift in the infrared absorption edge to longer wave 
lengths upon purification of InSb by zone refining. 52 Burstein explained 
this as being the result of filling the lowest conduction band states. 5 * 
The absorption edge is determined by transitions from the valence band 
to the lowest unoccupied level in the conduction band. Thus, the edge 
shifts to higher energies or shorter wave lengths with increasing electron 
concentration. A much smaller effect has been found in p-type InSb be¬ 
cause of the higher density of states in the valence band. 64 Burstein at¬ 
tempted at quantitative description of the shift. Somewhat better agree¬ 
ment between theory and experiment was obtained by taking into account 
more accurately the transition probability. 66 A more detailed description 
of the theory and data is given in Chapter 10. 

The magnetoresistance effect in n-type InSb was first measured by Pear¬ 
son and Tanenbaum as a function of the angle between the magnetic 
field and the direction of current flow. 66 Their results, shown in Figure 9.7. 



Figure 9.7. Variation of ( Pa - Po )/ Ph in InSb as H is rotated through an angk 

from 0 to 180 degrees. H is 13,000 gauss and T is 300°K. (After Pearson and Tana 
baum . 56 ) 
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indicate that the longitudinal magnetoresistance approaches zero. This is 
:he expected behavior for an isotropic conduction band. Further investiga¬ 
tions of this effect have contributed information about the band structures 

22 31 

of InSb, however many of the results are not completely understood. 

” bl The magnetoresistance effect for filament-shaped samples is in 
principle, a function only of the bulk properties of the material. Other 
'ample geometries magnify the effect but complicate the interpretation in 
terms of bulk properties. 6 For a simple semiconductor (i.e., isotropic, one 
carrier model, scattering by acoustical lattice waves) the transverse mag¬ 
netoresistance effect is given by Ap/po = .38 X 10 lb iiH 2 where Ap/po 
> the change in resistivity divided by the zero field resistivity, p is in cm 2 / 
volt-sec and H is in gauss. 62 The above expression applies to field strengths 
which satisfy the inequality (p// ) « 10 8 . The constant, 0.38, becomes 2.16 
for ionized impurity scattering. In the case of mixed scattering, the above 
factor reduces to a minimum of 0.012 for small contributions of impurity 
scattering. 63 Because of the uncertainty in the constant, it is not surprising 
that mobilities calculated from magnetoresistance frequently do not agree 
with Hall mobilities. 

The transverse magnetoresistance of an n-type InSb sample as a func¬ 
tion of l/T is shown in Figure 9.8. A number of effects make it difficult to 
measure absolute values for the longitudinal and transverse magnetoresist¬ 
ance. These have been discussed in Chapter 8 and will be just summarized 
here. It is difficult to suppress geometry effects in n-type InSb because of 
,ts high mobility. Even small potential measuring probes distort the cur¬ 
rent pattern. As a result, longitudinal effects will contribute to the trans- 



o i 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 

ioVtemperature in degrees kelvin 


Figure 9.8. Variation of ( ph~Po)/ph for n- and p-type InSb with l/T. Magnetic 
field is 7500 gauss. (After Weiss P) 
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verse magnetoresistance and vice-versa. Small random inhomogeneities 
m the samples make it necessary to correct the observed A p/p by a con¬ 
stant factor. An impurity gradient along the filament length is more serious 
because the correction factor is field dependent. For high fields the trans¬ 
verse (Ap/po) will increase as II 2 , while the longitudinal effect might be¬ 
come negative in certain cases. 

Because of the high mobility of n-type InSb, p,,// ^ 10 8 at fields of a 
few hundred gauss. The transverse magnetoresistance at 78°K does vary 
as H for fields up to 100-200 gauss and then shows a weaker field de¬ 
pendence at 2 to 3 kilogauss. At still higher fields a quadratic dependence 
on H is again approached. 61 The longitudinal effect is at least an order of 
magnitude less than the transverse Ap/p at 78°K and therefore more sub¬ 
ject to experimental error. However, it supports the view that the con¬ 
duction band is spherically symmetric. Conventional theory leads to a 
zero longitudinal effect for this case. This is not true for high fields when 
quantization of the electron orbits has to be taken into account. 64 

The maximum in Ap/p 0 for the p-type sample shown in Figure 9.8 is 
field dependent and lies at a higher temperature than the point at which 
the Hall coefficient passes through zero. The general shape and position 
of the maximum can be explained qualitatively in terms of the contribu¬ 
tions of both holes and electrons to the conductivity and the assumptions 
used to explain the shift in the Hall maximum/ 1 


The longitudinal magnetoresistance of p-type InSb is at least an order 

of magnitude less than the transverse effect at 78°K which indicates that 

the valence band is approximately isotropic. 61 This result can be reconciled 

with the valence band structure proposed by Kane 18 as shown in Figure 

9.9 if the maxima are very close to the center of the zone. If the maxima 

are indeed close to k = 0, 0, 0 then the valence band would be parabolic 
(i.e., isotropic) to a first approximation. 
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No straightforward theory adequately explains the negative transverse 
and longitudinal magnetoresistance in both n and p-type InSb at liquid 
He temperatures. Frederikse and Hosier were able to change the sign of 
:he transverse effect of a p-type sample from + to — by sandblasting its 
-urface. 61 Broom has shown that negative magnetoresistance at 4.2°K can 

(55 # 

be induced in n-type InSb by increasing the dislocation density. Certain 
grinding operations, associated with sample preparation, can introduce a 
sufficient density of dislocations to produce this effect. 

At high magnetic fields, an oscillatory magnetoresistance has been ob¬ 
served by several groups at liquid He temperatures in n-type InSb. 

The transverse and longitudinal magnetoresistance of a sample containing 
' X 10 li5 donors/cm 3 at 4.2°K is shown in Figures 9.10 and 9.11. For the 
longitudinal case, the non-oscillatory component is small so that the oscil¬ 
lations appear to take place about a horizontal axis. A necessary condition 
for observing oscillatory magnetoresistance is that hu > kT where co, 
the cyclotron resonance frequency, is qH/m n *c. When this condition is 
'atisfied, the density of states in the conduction band becomes semidis¬ 
crete at energy values (Landau levels) corresponding to (n + \)hu where 
n = 0, 1, 2 • • • . The probability of an electron in the conduction band 
being scattered increases with the density of unoccupied states near the 
Fermi level. The oscillatory variation in this density with respect to the 
Fermi level is responsible for oscillatory magnetoresistance. The resistivity 



Figure 9.10. Oscillatory transverse magnetoresistance of n-type InSb at 4.2°K. 
After Broom. 65 ) 
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Figure 9.11. Oscillatory longitudinal magnetoresistance of n-type InSb at 4.2° 
(After Broom. 65 ) 


maxima correspond to a high density of states into which the conduction 
electrons can be scattered. 

In very large magnetic fields the quantized Landau levels can have 
energy separations comparable to the energy gap. Displacement of the 
conduction and valence bands would result in an increase of the energy gap. 
This magneto-optical effect was first observed by Burstein et al , 66 Zwerdling 
et al. have extended the measured shift in optical absorption edge with 
magnetic field. 67 The increase in energy gap is shown in Figure 9.12. One 
of the significant results of this type of measurement is the precise deter¬ 
mination of the energy gap. These experiments are described in greater 
detail in Chapter 10. 

The thermal conductivity of InSb was first measured by Busch and 
Schneider in the temperature range of —180° to 500°C. 68 Their measured 
conductivities were very high, approaching those of metals. At low tempera¬ 
tures the conductivities followed the 7 7-1 law, applying to the lattice con¬ 
tribution. An additional term, having the form A exp (-0.26 /kT), was 
used to fit the high temperature values. This term was attributed to the 
electronic contribution, being proportional to the density of carriers.® 
However, Stuckes did not observe the rise in conductivity attributed to 
the electronic contribution. 70 Her values were significantly lower in the 
temperature range 40 to 425°C, being in the range of .02 to .03 cal 
sec -1 at 225°C. 


cm 
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Figure 9.12. Variation of optical energy gap with magnetic field for InSb at room 

temperature. Circles represent measurements in d.c. fields, other points were ob- 

*f me d from pulsed field measurements. Sample B is less pure than Sample A (After 
Zicerdling et alP) 

Indium Arsenide 

Indium arsenide is generally prepared by direct reaction of the com¬ 
ponents or by condensing As vapor into an In bath, in the manner used 
also to prepare GaAs and InP. The maximum melting point is 943 ± 3°C 
under an arsenic pressure of 0.33 atm. 71 Thus, InAs can be conveniently 
lone refined in sealed systems. The zone refined material is n-type, most 
likely due to sulfur contamination of the As. Schillman 72 and others 78, 74 
have shown that the effective distribution coefficient of this impurity is 
very close to unity. Selenium may be another troublesome impurity, as 
- — distribution coefficient is 0.9. As in the other III—V compounds, the 
Group II and Group VI elements are respectively acceptors and donors. 
The Group IV elements, Si, Ge and Sn are donors, 72 indicating that they 
probably go preferentially onto indium lattice sites. Gremmelmaier 74 and 
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others' 0 have grown single crystals by pulling, in sealed systems. The 
Bridgman method has been used with limited success. 

Iolberth et al. were first to measure the temperature dependence of the 
conductivity and Hall effect of InAs containing various concentrations of 
impurities, their results are shown in Figure 9.13. The character of these 
iata are similar to those for InSb and are due to the high electron to hole 
mobility ratio. This ratio is ^100. Their highest electron and hole mo¬ 
bilities at room temperature were 23,000 and 240 cm 2 /volt sec respectively. 
More recently, Harman et al. observed an electron mobility of 30,000 
*m'/volt sec at room temperature in a sample which had a net donor con¬ 
centration ot 1.7 X 10 16 atoms cm V 3 At higher temperatures the electron 
mobility approaches a T 3/2 temperature dependence. As far as can be de¬ 
termined, the hole mobility decreases more rapidly with temperature, the 
exponent being ~1.7. 77 At room temperature the hole mobility is inde¬ 
pendent of hydrostatic pressure, whereas the electron mobility decreases 
about 7 per cent at 2000 atm. 78 

Ihe thermal energy gap of InAs was calculated by Folberth et al ., from 
their Hall effect data by assuming that the mobility ratio was infinite (see 
Eq. 9.7). figure 9.14 shows how well their experimental values of lognp/T 3 , 



'•O 1.2 (.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 

10 3 /TEMPERATURE IN DEGREES KELVIN 


Figure 9.14. (Electron X hole concentration/temperature 3 ) vs. reciprocal tem¬ 
perature for InAs. {After Folberth, Madelung and Weiss?*) 
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fall on a straight line, when plotted against l/T. The slope corresponding 
to the forbidden gap is 0.46 ± 0.01 ev at 0°K. Antell et al. give 0.50 ev 
lor the thermal gap at 0°K from Hall data." They made a small correction 
for degeneracy and a slight decrease in the electron effective mass between 
180 and 400°C. Harman et al. estimated the gap from conductivity data in 
the intrinsic range to be 0.42 ev.' 3 Correction for the temperature de¬ 
pendence of the electron mobilities would raise this value somewhat. 
Oswald obtained a value of (0.43-3.5 X 10~ 4 T) ev from optical absorption 

79 ^ f # # 

data. This result is in substantial agreement with other optical measure- 

7 7 80 t 11 

ments. ’ The dependence of the absorption edge on impurity concentra¬ 
tion, is much smaller than in InSb and does not seriously jeopardize optical 
energy gap estimates based upon data for fairly pure samples. 

Donor and acceptor ionization energies of impurities in InAs have not 
been reported. Fritzsche extended the Hall and conductivity measure¬ 
ments on Harman’s purest sample (N D — N A = 1.6 X 10 15 ) down to 

7 8 

1.3°K. Both quantities remained essentially constant over the tempera¬ 
ture range 1.3 to 125°K. Stern and Talley have estimated that donor con- 

# 16 3 

centrations ol ^1.5 X 10 ’ cm would give rise to a donor impurity band 
in InAs which would overlap the conduction band. 80 Consequently, smaller 
donor concentrations than this are required in order to observe filling of 
the donor levels. Folberth and Weiss 81 have noted an unusual and as yet 
unexplained behavior in the Hall coefficient of p-type InAs samples con¬ 
taining various amounts of added zinc. 

As for InSb, the high electron mobility is associated with a small effec- 

# 11 7 6 

tive mass. Folberth et al.‘ estimated the geometric mean of the hole and 
electron mases to be 0.1 from the plot of log np/T' 12 vs. l/T shown in 
Figure 9.14 and the temperature coefficient of the energy gap obtained 
from optical data. A number of estimates of the electron mass have been 
made since then. Weiss obtained values of 0.064 and 0.33 respectively for 
the electron and hole masses at 293°C, from thermoelectric power data in 
the temperature range 400 to 800°K. 4i) Covalent lattice scattering was as¬ 
sumed to be dominant. Chasmar and Stratton also estimated the electron 
mass from Hall and thermoelectric power data. 46 They also assumed the 
above scattering mechanism in the intrinsic range and found that m n v 
increases from 0.04m to 0.055m in the temperature range 80 to 180°C . 
thereafter remaining roughly constant up to 400°C. Keyes et al. have ob¬ 
served infrared cyclotron absorption in InAs by using high pulsed fields.* 
They find that m„* ~ 0.03m for fields between 150 and 250 kilogauss. 
Spitzer and Fan obtained values of the electron effective masses in InA~ 
from reflectivity and transmission measurements. 51 They find values for 
m n * of 0.030m and 0.034m in InAs samples containing 2.4 X 10 17 and 

18 3 

3.8 X 10 electrons/cm at room temperatures. As discussed in the pre- 
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vious section, the electron effective mass of InSb determined by this 
method increases by a factor of 2 over the same concentration range; 
this indicates that the bottom of the conduction band of InAs has a smaller 
change in curvature than does the same band in InSb. Sladek has esti¬ 
mated the electron mass of InAs by fitting the conductivity in the extrinsic 
range to a series of empirical expressions in order to estimate the degen¬ 
eracy temperature. 82 The effective mass was calculated from the degeneracy 
temperature, T deg , which is defined by the equation: 

T dee = (3/tt) 3 ' 2 gA -5 n deg 3/2 . (9.10) 

8 km n 

The quantity, nd eg is the electron concentration at the onset of degeneracy 
and is determined from the Hall effect at Td eg • This treatment leads to 
a rough estimate of 0.02m for m n *. 

The transverse magnetoresistance effect in InAs has been observed by 
Weiss 83 and Champness and Chasmar. 84 In the low field range: Ap/po = 
a(fxH) 2 . The coefficient a is ~10" 18 at 300°K, indicating that both lattice 
and impurity scattering were important. (See p. 401.) 

Indium Phosphide 

Boomgaard and Schol 71 have estimated the vapor pressure of InP to be 
^60 atm at the melting point, 1060°C. The compound is generally pre¬ 
pared by slow cooling of a solution of P and In under a phosphorus vapor 
pressure ^5 atm. The above authors estimate that the liquid composition 
in equilibrium with solid InP contains 35 to 40 atomic per cent P at this 
pressure. Zone refining can be conveniently done under these conditions. 
Single crystals can be grown by the Bridgman technique, but slow cooling 
rates must be used because of excess In in the liquid phase. 

Indium phosphide is normally n-type but can be doped to p-type with 
zinc. Oxygen introduces a deep impurity level in InP and may be re¬ 
sponsible for room temperature carrier concentrations as low as 10 cm . 
Folberth and Weiss have measured Hall effect and conductivity of both 
n and p-type InP. 86 From their Hall and conductivity data shown in 
Figure 9.15 they obtained the value for the energy gap, 1.34 ev at 0°K. 
Oswald found the optical energy gap to be (1.41-4.6 X 10 4 P) ev. 79 Using 
the above temperature coefficient and the thermal Eg , Folberth and Weiss 
estimated the geometrical mean of the effective masses, (m n (Ar) m p (iV) ) 1/2 
to be 0.23m. The donor ionization energy of their purest sample, A n , 
was 'MFOl ev. The net donor concentration (n D — n A ) in that sample 
was 4 X 10 15 atom/cm 3 . Donor levels of 0.01 and 0.026 ev have been ob¬ 
served by Harman. 80 The room temperature mobility of the n-type sample 
A n , was 3400 cm 2 /volt sec, whereas the hole mobility was 50 cm 2 /volt 
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Figure 9.16. Thermal energy gap at 0°K and room temperature electron mobility 
of mixed crystals InAs x P(i_ x > . (After WeissN) 

strongly dependent, at the diffusion temperature, upon the extrinsic hole 
concentration. 

A number of investigators 20,20 ’ 90-92 have studied the temperature de¬ 
pendence of the conductivity and the Hall effect of GaSb. The thermal 
energy gap obtained from these data is 0.8 ev at 0°K. At room temperature 
the optical gap is 0.7 ev and it has a temperature coefficient of 3 
to 3.5 X 10 -4 ev/°K. Combination of the thermal gap and optical tem¬ 
perature coefficient of the gap leads to a value of 0.28m for the product 
( m p {N) m n ( ' N) ) 1/2 . From the reversal in sign of the Hall effect the ratio of the 
electron and hole mobilities, b, has been estimated to be ^5. The electron 
and hole masses have been separately estimated from their mean and this 
mobility ratio, to be 0.2m and 0.4m respectively. A wide range of electron 
and hole mobilities have been reported, the maximum values being 4000 
and 850 cm 2 /volt sec respectively at room temperatures. Long points out 
that the electron mobility is independent of pressure.' This is in contrast 
with other III-V compounds. Welker has reported the properties of Zn- 
doped GaSb. 3 His purest p-type sample had an acceptor ionization energy 
of 0.024 ev. From the conductivity and Hall coefficients of these samples, 
shown in Figure 9.17, it is apparent that the ionization energy and mo¬ 
bilities decrease with increasing Zn concentration. 

Gallium Arsenside 


Gallium arsenide is generally prepared by subliming As into Ga heated 
to the melting point of GaAs, 1238°C. At the melting point the dissocia- 
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10 3 / TEMPERATURE IN DEGREES KELVIN 

Figure 9.17. Conductivity and Hall coefficient of p-type GaSb vs. reciprocal tem¬ 
perature. Sample 1 was not doped, the others were grown from melts containing 
various amounts of added Zn. (After Welker. 3 ) 

tion pressure is 0.9 atm.' 1 It is now possible to prepare material of reason¬ 
able purity, and as described in Chapter 3, single crystals can be grown by 
the floating zone method, as well as by the pulling and Bridgman methods. 
The solid solubilities of excess Ga and As in GaAs are now known but are 
presumed to be small. Either excess component in GaAs would be expected 
to behave as an electrically active impurity. However, crystals can be 
grown from melts containing either excess Ga or As by varying the arsenic 
pressure. No significant change in the carrier concentration or the mobility 
was observed in crystals grown from melts containing from 40 to 50 atomic 
per cent As. 93 The net donor concentration of these crystals was ^lO 1 ' cm -J . 

Crystals of both n- and p-type are frequently encountered with resistivi- 

# # 3 0 

ties in the range 10 to ^10 ohm cm. The higher resistivities are due to 
compensation and impurities which have deep impurity levels, rather than 
to a high degree of purity. At present, the principal impediment to a better 
understanding of GaAs is inadequate control of its purity. As will be 
shown later, the concentration of electrically active impurities is ^10 
cm in extensively zone refined crystals. To date, no information about 
the distribution coefficients of impurities in GaAs have been published. 
The general experience is that zone refining either increases the resistivity 
or changes the type at the seed end of ingots which were originally n- tvpe. 
The effectiveness of zone refining is limited by the necessity of working in 
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sealed systems which have a minimum temperature of ^600°C to prevent 
evaporation of As from the melt. Many of the known electrically active 
impurities have high vapor pressures at this temperature. Transport via 
the vapor phase ultimately limits the minimum value of an “effective” 
distribution coefficient between the liquid and solid. 

As in the case of the other III-V compounds, the Group II elements sub¬ 
stituted on Ga sites and the Group VI elements on As sites are singly 
charged acceptors and donors respectively. Copper behaves as a multiple 
acceptor with at least two and possibly three levels close to the valence 
band. 94 It diffuses rapidly, presumably via an interstitial mechanism as it 
does in Ge and Si. Spurious Cu contamination on the surface of GaAs may 
in part be responsible for the conversion or increase in resistivity upon 
heating of n-type GaAs. Lithium is also a rapidly diffusing impurity, acting 
as a donor as it also does in Ge and Si. 90 

A A ^ ^ ^ 

Kolm et at. observed a fairly high solubility of the Group IV elements, 
Si, Ge, Sn and Pb, in GaAs, approximately 0.5 atomic per cent. The satu¬ 
rated samples containing ^2 X 10 2 ° atoms/cm 3 of these elements did not 

significantly change the conductivity of GaAs which initially had a net 

18 _3 

donor concentration of ^2 X 10 cm '. The above authors suggest that 
these Group IV elements are located in the lattice as near neighbor pairs. 
Another possibility is that these elements are not necessarily paired but 
are randomly distributed on Ga and As sites. Group IV atoms on an As 
site would be acceptors and would compensate the donors formed by the 
atoms on Ga sites. The observed behavior of the Group IV elements in 
GaAs is in contrast with a preferential location of these elements in InAs 
on In sites. Kolm et al. measured the infrared transmission of GaAs alloys 
saturated with Si, Ge, Sn and Pb from which they estimated the shift in 
energy gaps. Germanium decreased the energy gap by 0.02 ev whereas Si, 
Sn and Pb increased it by 0.01 to 0.02 ev. However, the shapes of the ab¬ 
sorption edges were changed enough to make it difficult to estimate the 
energy gap shifts precisely. Carbon seems to have a much lower solubility 
in GaAs than the other Group IV elements as indicated by a carbon content 
of only 3 ppm in an ingot extensively zone refined in a graphite boat. 97 
The lower solubility would be expected because of the smaller covalent 
radius of C. 

Only two estimates of the thermal energy gap at 0°K have been made. 
The first by Welker, 98 based on the Hall and conductivity data of Folberth 
and Weiss, 99 was ^1.4 ev. More recently, Whelan and Wheatley 93 esti¬ 
mated it to be 1.58 =b .05 ev. The latter value is in reasonable agreement 

• 79 • 

with 1.53 ev obtained from optical data by Oswald' but higher than 1.35 
ev given by Barrie et al. 100 also from optical data. Oswald estimated the 
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Figure 9.18. Carrier concentration in GaAs vs. rceiprocal temperature. Samples 
M are n-type and Samples A and B are p-type. (After Whelan and Wheatley A 3 ) 

temperature coefficient to be -5 X 10“ 3 ev/deg. The room temperature 

optical value of 1.32 ev by Kolm el al , 96 is in good agreement with Oswald’s 
results. 

As in the case of the other III-V compounds, the only mobilities avail¬ 
able are Hall mobilities. Hall coefficient and conductivity have been meas- 
sured by several groups. 93 ' 101 Examples of the temperature dependence 
of carrier concentration and mobility obtained from Hall and conductivity 
data for four n-type and two p-type single crystal samples are shown in 
Figures 9.18 and 9.19. Sample 1 has the highest net donor concentration, 
10 cm 3 , of the n-type specimens but also has the highest electron mobility 
reported to date, 6000 cm 2 /volt sec at room temperature. Thus, one is 
forced to the conclusion that other samples with lower carrier concentrations 
are highly compensated. Edmond et al. m have measured Hall effect and 
conductivity down to liquid He temperatures for both n- and p-type sam¬ 
ples. The electron concentration of their n-type sample remained essentially 
constant at ~10 17 cm~ 3 down to 3.3°K. Below 20°K the mobility leveled 
off at ~2000 cm 2 /volt sec whereas it was 6000 at 90°K and 4700 cm 2 /volt 
sec at room temperature. These authors suggest that below 20°K impurity 
band conduction is dominant. A o shallow donor ionization energies have 
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Figure 9.19. Mobility (i.e., Hall coefficient X conductivity) vs. temperature for 

:our n-type and two p-type GaAs samples. Samples correspond to those in Figure 
9 . 18 . (After Whelan and Wheatley. 93 ) 

been observed, suggesting that the donor levels form an impurity band 
a hich overlaps the bottom of the conduction band for donor concentrations 
~10 cm 3 . Edmonds et al. have estimated the electron effective mass to 
be 0.06m from the thermoelectric power data. Spitzer and Whelan 102 ob¬ 
tained a value of 0.08m ± .01 from optical data. 

The earlier concentration in Sample 4 was controlled by a deep impurity 

level ~0.5 ev below the conduction band. Impurities of this type are 

responsible for the high resistivities frequently found in the seed end of 
extensively zone refined GaAs. 

Sample A in Figure 9.18 was saturated with Cu by diffusion at 655°C, 
giving a concentration of 3 X 10 16 atoms cm -3 . This sample had a hole 
mobility of 400 cm 2 /volt sec at room temperature which decreased at 
higher temperatures as T“ 2 0 , the same temperature dependence as that 
previously observed by Edmond et al. m Hole mobilities at 300°K in the 
range of 200 to 340 cm 2 /volt sec have been reported. 99 ' 101 The net acceptor 
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concentration in Sample A was 2 to 3 times the Cu concentration, indicating 
Cu has at least two shallow levels. Because of compensation in the meas¬ 
ured p-type samples, it is difficult to assign an ionization energy to copper. 
Several unidentified acceptor levels, 0.02, 0.63, 0.11 and 0.16 ev, have 
been observed. 

Edmonds et al. m have observed the usual features of impurity band con¬ 
duction in two p-type samples. These are: (1) a maximum in the Hall 
coefficient at low temperatures, which shifts with increasing impurity con¬ 
centration in the direction of higher temperatures, (2) a Hall coefficient 
of the same order of magnitude on either side of the transition region and 
(3) a rapid decrease in mobility with temperature. These authors also 
measured the thermoelectric power for p-type GaAs from which they esti¬ 
mated the effective hole mass to be 0.50m. 

Herman 10 has speculated that the band structure of GaAs would be simi¬ 
lar to that of Ge apart from the removal of degeneracies. The low effective 
mass of conduction electrons supports Callaway’s 10 ' 5 prediction that the 
minimum of the conduction band occurs at k = 0. 

Folberth 104 has demonstrated the stability of the mixed crystal system 
Ga(As x Pi_ x ) over the whole range, and measured the optical energy gap 
as a function of x. His results are shown in Figure 9.20. The relationship 
between the breadth of the forbidden gap, E 0 , and the composition param¬ 
eter is not linear, in contrast with the situation for In(As x Pi_ x ) previously 
discussed. The nonlinearity implies that the band structures of GaAs and 
GaP are different. 

Aluminum Antimonide 

Aluminum antimonide is the only III-V compound containing A1 which 
has been studied to any great extent. Early data suggested that this COm- 
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Figure 9.20. Optical energy gap at 300° of mixed crystal GaAs x P(_ x > . (Ajier 
Folberth. 10 *) 
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pound might be useful for power rectifiers and solar batteries, because of 
its relatively high energy gap, 1.6 ev. Favorable characteristics were its 
low melting point, 1060°C, the ease of growing single crystals by pulling 
techniques, and the fact that its component elements were inexpensive. 
However, surface oxidation is a major problem in handling relatively high 
purity single crystals. Polycrystalline samples and impure single crystals 
ure rapidly reduced to powders by under atmospheric conditions. Purity is 
another difficulty. AlSb zone refined in alumina boats is always p-type. 
Quartz is attacked by the melt and the reactivity of carbon with the melt 
is too high to make graphite a suitable container for zone refining. Acceptor 
concentrations ~10 1 ' cm 5 in zone refined AlSb have been attributed to 
the loss of Sb by evaporation. 101 Allred et al. have recently varied the com¬ 
position of a melt as they pulled a crystal from it. 105 Initially the melt con¬ 
tained excess Sb and finally excess Al. The absence of a resistivity maximum 
along the crystal indicated that deviations from stoichiometry were not 
controlling the carrier concentration. Doping with Group VI elements 
such as Te can be used to increase the resistivity of p-type or to prepare 
n-type material. Carrier concentrations as low as 10 15 cm -3 have been 
reported. 

A number of investigations of the electrical and optical properties of 
AlSb give an energy gap of ^1.6 ev at 0°K with a temperature coefficient 
of ^ — 3.5 X 10 4 ev/deg.“°’ 10 ° 110 Hole and electron mobilities of relatively 
pure samples are of the same order of magnitude, ^200-450 cm 2 /volt 
sec. Sasaki et al. have estimated the effective mass of electrons to be (1.8 ± 
0.8)m from thermoelectric measurements. 111 The apparent high value may 
be due to a number of equivalent energy bands at the bottom of the con¬ 
duction band. 0 A donor level, 0.14 ev below the conduction band, has been 
determined from Hall data. Other impurity levels, 0.31 ev below the con¬ 
duction band and 0.75 ev above the valence band, have been observed 
optically. 106 

Other III-V Compounds 

The optical energy gaps at room temperature of A1P, AlAs and GaP have 
been reported to be 3.0, 2.16 112 and 2.23 113 ev, respectively. The melting 
points of these compounds are high and it is difficult to prepare single 
crystals. They are generally prepared by slow cooling of a melt containing 
an excess of the Group III element. The Al compounds hydrolyze slowly 
under atmospheric conditions, evolving PH 3 and AsH 3 . 

Electroluminescence in GaP has been observed under a rectifying point 
contact. 114 The temperature coefficient of the energy gap is 5.4 X 10 4 

79 

ev °K. Values of the refractive index in the visible and infrared regions 
are 3.37 and 2.9 respectively. 79,113 
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GROUP V-VI COMPOUNDS (A 2 V B 3 VI ) 

Until quite recently, the semiconducting properties of the A 2 V_B B 3 VI B 
compounds were little understood. Early photoconductivity investigations 
of Bi 2 S 3 , Bi 2 Te 3 115 and Sb 2 Te 3 116 showed that the wave length at which 
photoconductivity appeared increased as the atomic weight increased 
within a group. Thus, these compounds follow the general rule that the 
energy gap varies inversely with atomic weight within a group. The V-YI 
compounds differ greatly from the III-V compounds in that their extrinsic 
properties are influenced by nonstoichiometry. Typical carrier concentra¬ 
tions are in the range 5 X 10 17 to 5 X 10 cm . Harman et al. found 
that excess As, Sb and Bi add acceptors to the respective tellurides and 
excess Te adds donors to As 2 Te 3 and Bi 2 Te 3 . They also observed that I 

behaves as a donor in Bi 2 Te 3 . Copper can convert p-type Bi 2 Te 3 to n-type. 

118 

It diffuses rapidly even at room temperature. 

Within the last few years, interest in this class of compounds has been 
stimulated by the thermoelectric properties of Bi 2 Te 3 , which lends itself 
to thermoelectric cooling or heating of considerable efficiency, ~5 per 
cent at room temperature. For such applications a high thermoelectric 
power and a low ratio of thermal to electrical conductivity are required.* 
Goldsmid observed up to a 40°C temperature decrease at a p-n Bi 2 Tej 
junction upon passing a current through the junction. 119 In general, more 
is known about the semiconducting properties of Bi 2 Te 3 than the other 
Y-VI compounds. Therefore, this section will be primarily concerned with 

this compound. 

Bi 2 Te 3 melts at 580°C. It has a rhombohedral structure with a 0 = 10.45A 
and a = 24.8°. 120 ’ 121 Single crystals or ingots containing large grains can 
be grown either by the Bridgman method or by zone refining. Zone-re¬ 
fined material is always p-type. Satterthwaite and Ure 122 estimated the 
extrinsic carrier concentration in Bi 2 Te 3 crystals grown by the Bridgman 
method from melts containing various concentrations of Te. The fraction 
of the melt solidified was kept small to prevent appreciable changes in the 
liquid composition. Extrinsic carrier concentrations were calculated from 
Hall data at 77°K. Because of the anisotropic Hall effect, these carrier 
concentration estimates may be ~50 per cent too large. This point will 
be discussed later. The results, shown in Figure 9.21, support Harman’s' 1 ' 
conclusion that the melting point of stoichiometric Bi 2 Te 3 does not cor¬ 
respond to the maximum in the liquidus curve of the Bi/Te system which 
occurs at ~G0 atomic per cent Te. 123 Using the liquidus curve and the data 

* The quantity, Q/VpK> is an appropriate figure of merit for comparing various 
materials for thermoelective cooling applications, where Q, p, and K are the thermo¬ 
electric power, resistivity and thermal conductivity respectively. 
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LIQUID COMPOSITION IN ATOMIC PER CENT TELLURIUM 


Figure 9.21. Solid-liquid equilibrium composition. Solid Bi 2 Te 3 composition is 
expressed in terms of extrinsic carrier concentration. (After Satterthwaite and L re. 122 ) 

from Figure 9.21, Satterthwaite and Ure constructed the phase diagram 
in the vicinity of Bi 2 Te 3 based on the following assumptions: (1) stoichio¬ 
metric Bi 2 Te 3 corresponds to the intrinsic semiconductor; (2) each excess 
Te atom occupies a bismuth lattice site and behaves as a singly-ionized 
donor and (3) excess bismuth atoms occupy Te sites and are singly-ionized 
acceptors. Their phase diagram is shown in Figure 9.22. One is tempted to 
speculate about the concentration ratio of tellurium vacancies to tellurium 
~ites occupied by bismuth atoms in a crystal containing excess Bi, and 
vice-versa. The assumption that each excess Te or Bi introduces a singly- 
ionized donor or acceptor presumes that this ratio is <3C1. Harman re¬ 
ported iodine and lead as donor and acceptor impurities, respectively, 

in Bi 2 Te 3 . 

Calculations of carrier concentrations and mobilities are complicated be¬ 
cause both the conductivity and Hall effect are anisotropic. Voigt has 
shown that the two independent components of the conductivity tensor 
^re the conductivity perpendicular and parallel to the cleavage plane and 
that there are two independent Hall coefficients. 124 The conductivity meas¬ 
ured in any direction parallel to the cleavage planes is approximately foui 
times greater than that measured perpendicular to these planes and the 
Hall coefficient varies with crystal orientation by a factor of two. the 
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ATOMIC PER CENT TELLURIUM 

Figure 9.22. Phase diagram for Bi-Te in the region about Bi 2 Te 3 . (After Sat- 
terthwaite and Ure . m ) 

ratios of the Flail coefficients differ in n- and p-type material but remain 
essentially constant in the extrinsic range. Drabble and Wolfe showed that 
a “many valley” model of the band structure can account for the aniso¬ 
tropic Hall effect and conductivity in the extrinsic range where one type 
of carrier predominates. 120 Recently, Drabble et al. measured the Hall 
effect and magnetoresistance for various orientations of n-type Bi 2 Te 3 . 1: * 
They demonstrated the compatibility of these data with the above model 
and related the two Hall coefficients to the electron concentration in the 
extrinsic range of n-type Bi 2 Te 3 . The electron concentration calculated 
from Eq. (9.1) and Hall data is too large by a factor of or ^3 if the 
current is parallel to the cleavage plane and the magnetic field is either 
parallel or perpendicular to the cleavage planes. The ratio of the above 
two Hall coefficients was ^1.4 for a p-type sample measured by Satter- 
thwaite and Ure. 122 Typical values of extrinsic carrier concentrations, mo¬ 
bilities and energy gaps obtained by several groups are summarized in 
Table 9.2. With the exception of the values reported by Drabble et al.. 
the carrier concentrations and the mobilities were calculated from Hall 
data and Eq. (9.1). 

Measurements 117,126,127 on p-type samples having acceptor concentra- 
tions from 0.8 to 2 X 10 cm have shown a reversal in sign of Hall co¬ 
efficient and thermoelectric power as the samples became intrinsic ai 
temperatures of 435 to 525°K, indicating that the hole mobility is le-.~ 
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Table 9.2. Extrinsic Carrier Concentrations, Mobilities and Energy Gaps 

of Bi 2 Te 3 Reported by Various Investigators 


Ref. 

Cone, of Extrinsic 
Carriers (cm -3 ) 

tip at 300°K 

(cm 2 v -1 sec -1 ) 

Temp. dep. 

of Up 

tin at 300°K 
(cm 2 v -1 sec 0 

Temp. dep. 
of Mn 

Eg 

(ev) at 0°K 

122 

9 X 10 17 n 

330 


240 

p—2.66 


122 

3 X 10 17 n 

440 


310 

p—2 .80 


122 

2 X 10 19 p 

410 

p-1.4 




122 

3 X 10 18 p 

430 

p—1.6 



0.20 

117 

8 X 10 18 p 

400 





117 

5 X 10 18 p 



540 


0.16 





180 



126 

1.4 X 10 19 p 

280 

p-2.3 



0.21 

127 

1 X 10 19 p 

400 

p-1.4 



0.16* 

118 

4.8 X 10 18 n** 



1150** 

p-1.68 



• Black et al.™ estimated dEG/dT to be 9.5 X 10 -5 ev/°C from optical data. 
** Corrected for anisotropic Hall coefficient. 


than the electron mobility in this temperature range. However, Satter- 
thwaite and Ure observed a change in sign of the Hall coefficient for two 
n-type samples at 270 and 320°K. 122 These samples had net donor concen¬ 
trations of 3 and 9 X 10 17 cm -3 . These results indicate that p v > Mn in in¬ 
trinsic Bi 2 Te 3 at room temperatures. The opposite was concluded in the 
intrinsic range of more heavily doped p-type samples, as mentioned earlier. 

A similar effect has been observed in Te (See p. 427.) 

Various estimates of the effective electron and hole masses based on 
thermoelectric power measures 11 '’ ! “ 6 128 fall in the range 0.3 to 1.0m. 
However, the data do not fit the simple theory over an extended tempera¬ 
ture range so the values indicate only the orders of magnitude of the ef¬ 
fective masses. The ratios of the three electron masses derived from the 
conduction band model of Drabble and Wolfe 125 and galvanomagnetic 
data 118 are 1.21:1:0.093. 

Bi 2 Te 3 has gained considerable interest as a thermocouple material for 
thermoelectric cooling; a plot of thermoelectric power vs. l/T for one re¬ 
type and two p-type samples is shown in Figure 9.23. Room-temperature 
thermoelectric powers as high as ^240 and ^220 /xv/°C for n- and p- 
type samples, respectively, have been observed. 122 The thermal conductivity 
has been measured by Goldsmid 119 and Satterthwaite and Ure. 122 The latter 
measurements are shown in Figure 9.24. At the lower temperatures, the 
l/T dependence of the thermal conductivity is characteristic of the lattice. 
The sharp rise at higher temperatures is attributed to the ambipolar diffu¬ 
sion of holes and electrons. This component of the thermal conductivity is 
in qualitative agreement with the theoretical treatment given by Price. 129 

As previously mentioned, the properties of the remaining V-VI com- 
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Figure 9.23. Thermoelectric power of one n- and two p-type Bi 2 Te 8 samples vs. 

reciprocal temperature. The indicated carrier concentrations are those at 300°K 
(After Harman et al , 117 ) 



Figure 9.24. Thermal conductivity of two Bi 2 Te 3 samples vs. reciprocal tempera¬ 
ture. The indicated carrier concentrations are those in the extrinsic range. ( AfUr 
Satterthwaite and Ure . 122 ) 

pounds have not been as extensively studied as those of Bi 2 Te 3 . The melt¬ 
ing point, crystal structure and lattice constants are listed in Table 9.3 
for the following compounds: Sb 2 S 3 , Bi 2 S 3 , As 2 Se 3 , Sb 2 Se 3 , Bi 2 Se 3 , As->Te 
and Sb 2 Te 3 . Following this in Table 9.4 is a summary of the semiconductins 
properties of the above compounds. The mobilities were calculated from 
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- able 9.3. Melting Point, Crystal Structure and Lattice Constants of 

Sb 2 S 3 , Bi 2 S 3 , As 2 Se 3 , Sb 2 Se 3 , Bi 2 Se 3 , As 2 Te 3 and Sb 2 Te 3 


I impound 

Melting Point 
(°C) 

Crystal Structure 

Lattice Constants 

Sb*S 3 

546 123 

Orthorhombic 130 - 131 

a = 11.20A; 
b = 11.28 A; 
c = 3.83A 

BijSa 

850 123 

“ 131 

a = 11.13A; 
b = 11.27A; 
c = 3.97A 

-\s 2 Se 3 

— 

Amorphous or glassy 

— 


612 123 

Orthorhombic 132 

a = 11.58 A; 
b = 11.68 A; 
c = 3.98A 

BisSe 3 

706 123 

Ithombohedral 133 

For hexagonal unit 
cell 

a = 4.35 A 
c = 30.3A 

As 2 Te 3 

360 123 

Monoclinic 134 

a = 14.4A; 
b = 4.05 A; 
c = 9.92 A; 

|8 = 97° 

>biT e 3 

620 123 

Rhombohedral 135 



Table 9.4. Semiconducting Properties of Sb 2 S 3 , Bi 2 S 3 , As 2 Se 3 , Sb 2 Se 3 , Bi 2 Se 3 , 

As 2 Te 3 and Semiconducting Properties at 300°K 


Reference 

Compound 

Eg optical 
(ev) 

dEo/dT 
(ev deg -1 ) 

Mn (Cm 2 

volt -1 sec -1 ) 

Up (cm 2 Q (/i volt 

volt -1 sec -1 ) deg -1 ) 

127 

Sb 2 S 3 (single crystal) 

1.7 




127 

Bi 2 S 3 (polycrystal¬ 

1.3 





line) 





136 

Bi 2 S 3 (thin film) 

1.1 




127 

As 2 Se 3 (amorphous) 

1.6 




116 

Sb 2 Se 3 (thin film) 

1.35 




127 

“ (single crys¬ 

1.2 

-7 X 10 - 4 

^15 

^45 


tal) 





127 

Bi 2 Se 3 (single crystal) 

0.35 

2 X 10 - 4 

600 


137 


0.28 




117, 127 

As 2 Te 3 (polycrystal¬ 

~1 


170 

80 230-260 


line) 





117, 127 

Sb 2 Te 3 (single crys¬ 

0.30 



~270 80 


tal) 






Hall data which were assumed to be isotropic. The anisotropic Hall co¬ 
efficient of Bi 2 Te 3 strongly suggests that the above assumption will not be 
generally correct for other V-VI semiconductors. 

Solid solutions of the type Bi 2 Se x Tef 3 _ X ) are stable over the range x = 0 
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to x = 3. Austin and Sheard have measured the optical energy gaps at 
room temperature of a number of the above solid solutions. They find 
that the gap increases linearly from 0.15 ev to a maximum of 0.31 ev as 
x increases from 0 to 0.9. Thereafter, the gap decreases gradually from 
0.31 ev to 0.27 ev as x further increases from 0.9 to 3. This dependence of 
E g on x is in qualitative agreement with the bonding scheme proposed by 
Drabble and Goodman. 138 They suggest that one of the Te atoms forms 
weaker bonds than the other two Te atoms. These authors further suggest 
that replacement of this Te atom with a more electronegative Se atom in¬ 
creases the average bond strength and hence increases the energy gap. 
Other bonding schemes have been proposed by Mooser and Pearson 
and Lagrenaudie. 140 The interested reader is referred to the original papers. 

The thermal conductivities and carrier mobilities of solid solutions con¬ 
taining Bi 2 Te 3 vary in an interesting manner. The thermal conductivities 
of Bi 2 Se x Te ( 3 _x) go through a minimum as x varies from 0 to 3. 1 1 The hole 
mobility in Bi 2 Te 3 decreases more than the electron mobility when a frac¬ 
tion of the Te atoms are replaced by Se. 142 Similarly, the electron mobility 
in Bi 2 Te 3 decreases more than the hole mobility upon substitution of Sb 
for a fraction of the Bi atoms. 142 Airapetiants et al. have explained this in 
terms of the partial ionic character of Bi 2 Te 3 , 142 Electrons in the conduction 
band are more effectively scattered by distortions in the “positive” Bi 
sublattice than by distortions in the “negative” Te sublattice. The reverse 

applies to holes in the valence band. 

GROUP ll-IV COMPOUNDS (A 2 I4 B IV ) 

Mott and Jones 143 first pointed out that several compounds with the anti¬ 
fluorite structure had numbers of valence electrons just equal to the num¬ 
ber of states in the Brillouin zones. Therefore, they expected these com¬ 
pounds to have low conductivities. The examples cited were Mg 2 Sn, Mg 2 P; . 
Mg 2 Si, Mg 2 Ge, Li 2 S, Cu 2 S and Be 2 C. All the magnesium compounds have 
been found to be semiconductors with the exception of Mg 2 Pb which > 
metallic. The calcium compounds Ca 2 Si, Ca 2 Sn and Ca 2 Pb are also semi¬ 
conductors. They crystallize in a tetragonal lattice, a rather small deviation 

from the antifluorite lattice of the magnesium compounds. 

Welker 4 has emphasized the covalent nature of the bonds in the mag¬ 
nesium compounds. The interatomic spacings, in the antifluorite structure- 
are closely approximated by the covalent radii, whereas the ionic radii 
provide a poor approximation. Krebs 144 noted that the bonding could be 
represented in Mg 2 Si, for example, as resulting from resonance between 

two degenerate configurations 

Mg ++ (Si-Mg) = (Mg-Si)“Mg ++ 
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r_t*E<?tronegativity differences further suggest that the binding is predomi¬ 
nately covalent. 

The compounds have been prepared by melting together stoichiometric 
ratios of the two components. Loss of magnesium by evaporation can be 
m i ni mized by melting under inert atmospheres at high pressures. Ingots 

the magnesium compounds, containing large single crystal regions, have 
:^en obtained by slow cooling or pulling. These are normally n-type but 
can be doped p-type by addition of Ag to the melt. 145-147 Gold is also a 
known acceptor in Mg 2 Sn. 147 

Atmospheric oxidation is limited to surface layers on Mg 2 Si and Mg 2 Sn 

whereas Mg 2 Ge breaks down to a powder. It is necessary to handle the 

.alcium compounds under an inert atmosphere to prevent their decomposi¬ 
tion. 

Robertson and Uhlig 147 and Boltaks 148 first investigated the semiconduct- 
.:ig properties of Mg 2 Sn, the most studied member of the II-IV semicon¬ 
ductors. The former estimated the energy gap from conductivity data, 

O / A 

assuming a T temperature dependence of the mobilities in the intrinsic 
range. The exponent in the temperature dependence was later shown to be 
::i the range of —2.2 to —2.5. 149 101 Boltaks also measured conductivity as 
a function of temperature as well as the magnetic susceptibility. Busch 
:id Winkler investigated all the magnesium compounds. 149 They calcu- 
Lited E 0 , i± n , n P and the mean of the effective masses in the intrinsic range 
:rom conductivity, Hall and thermoelectric power data. Typical extrinsic 
carrier concentrations for the purer samples were: Mg 2 Si, 1 X 10 18 cm -3 , 
Mg 2 Ge, 3 X 10 1 ' cm 3 and Mg 2 Sn, 1 X 10 16 cm -3 . Blunt et al. m determined 
:he energy gap of Mg 2 Sn from electrical, optical and photoconductivity 
measurements, the three values being in agreement with each other but 
iiffering somewhat with that found by Busch and Winkler. Lawson et al. lb2 
-:.$o determined the optical gap for Mg 2 Sn; however his results disagree 
significantly from other optical and thermal values. Part of the disagree¬ 
ment can be attributed to the difficulty of determining E G from measure¬ 
ment of the absorption edge. The results of the above investigations are 
summarized in Table 9.5. Recently, Morris et at. determined the energy 
gaps of Mg 2 Si and Mg 2 Ge from conductivity and Hall effect data. 145,146 
These values are listed in Table 9.5, together with the energy gaps of Ca 2 Si, 
Ca 2 Sn and Ca 2 Pb obtained from conductivity data by Busch et al. lbd 

The general trend of decreasing values of the energy gap with increasing 
atomic weights for a given series of semiconductors, applies to these com¬ 
pounds. Two effects are responsible for this: (1) the decreasing electro¬ 
negativity of the Group IV elements and (2) increasing interatomic dis¬ 
tance as the atomic weight increases. The pressure dependence of the con- 
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Table 9.5. Summary of the Semiconducting Properties of the A 2 h B iv Com¬ 
pounds Crystal Structure: Mg Compounds—Antifluorite ; 154 Ca 

Compounds—Tetragonal 153 


Compound 

Lattice Parameter 

(A) 

MP 

(°C) 

Eq at 0°K 
(ev) 

Hn at 300°K 
(cm 2 volt -1 
sec -1 ) 

Up at 300°K 
(cm 2 volt 1 
sec -1 ) 

a 

c 

Mg 2 Si 

6.34 


1102 

0.77 150 thermal 

370 150 

65 150 





0.80 145 

405 145 

55 145 

Mg 2 Ge 

6.38 


1115 

0.74 160 

530 160 

11Q150 





0.69 146 

280 146 

no 146 

Mg 2 Sn 

6.76 


778 

0.36 160 

210 150 

150 160 





0.33 161 







0.33 151 optical 







0.30 161 photo- 







cond. 



Mg 2 Pb 

6.80 


550 

Metallic 



Ca 2 Si 

9.43 

10.19 

920 

1.9 163 thermal 



Ca 2 Sn 

12.15 

11.93 

1122 

0.9 153 



Ca 2 Pb 



1110 

0.46 163 




ductivity indicates that the energy gap of Mg 2 Sn decreases by about 0.01 

78 

ev between 1 and 2000 atm. 

Busch and Winkler 1 ' 50 found that Mg 2 Ge x Sn(i_x) form solid solutions over 
the range x = 0 to x = 1 and estimated the energy gap from conductivity 
data as a function of x. The nonlinear dependence of E 0 on x suggests that 
the band structures of the two compounds differ. 

TELLURIUM, SELENIUM, AND BORON 

Hexagonal selenium and tellurium are the stable forms below their 
melting points (220 and 445°C respectively). In this form the atoms art- 
arranged in spiral chains, each forming covalent bonds with nearest neigh¬ 
bors so that each atom has an octet of valence electrons. The chains are 
held together by relatively weak Van der Waals forces. Cleavage plane- 
are parallel to the chain axes. Every third atom is above another atom in 
its chain so that a projection of the chain on a plane perpendicular to the 
chain axis (i.e., the c axis) is an equilateral triangle. The hexagonal lattice 
is achieved by locating a chain at the center and six corners of a hexagon- 
This structure is highly anisotropic as would be expected from the tw: 
different types of bonding perpendicular and parallel to the c-axis. Fee 
example, the coefficient of linear expansion parallel to the c-axis is nega¬ 
tive and is positive perpendicular to it. 

The electrical properties of Te are better understood than those of Se*, 
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primarily because it is easier to prepare Te single crystals. Tellurium is 

—-cussed first for this reason. Moss has reviewed the early electrical and 
optical measurements on Te. 166 

The most extensive electrical measurements are those by Fukuroi et al. lb7 
- d Kronmueller et al. They used single crystal samples grown by the 
Bridgman technique. Fractional distillation and sublimination have 
proved to be effective means of purification. Samples were prepared con- 
mining net acceptor concentrations as low as 4 X 10 14 cm -3 . This is ap¬ 
proximately two decades below the intrinsic carrier concentration at room 
•emperature. Extrinsic Te is p-type. Impurities such as Ag, Cu, Au, Fe, 
?n, As, Sb, Bi, Br and I introduce acceptors, none have been found to date 
which act as donors. ' 9 Lapped or sandblasted Te surfaces can have a 
surface layer ~10 microns thick which has an abnormally high conduct¬ 
ance. 1 This can be minimized by etching. 

The resistivities of intrinsic Te at 20°C are p ; = 0.26 ohm cm and 
P x = 0.51 ohm cm, parallel and perpendicular to the c-axis, respectively. 
The ratio of the resistivities in these two directions is approximately inde¬ 
pendent of temperature from 125 to 600°K. 158 Anisotropy in the Hall 
effect is possible in the intrinsic range but this has not been investigated 

systematically. 161 Bottom found the Hall coefficient to be isotropic at 
room temperature. 162 

Typical conductivity and Hall data for “pure” and Sb-doped Te are 
-how n in I igures 9.25 and 9.26. Values for the energy gap derived from 
conductivity data fall in the range 0.33-0.37 ev at o°K. 166-160, 162 Photo¬ 
conductivity data for thin films indicate a gap of 0.37 ± .03 ev and ab¬ 
sorption measurements on bulk samples show an absorption edge at 0.3- 
0.35 ev at room temperature. 156,160 Caldwell obtained 0.42 ev for the energy 
gap at 0°K from measurements of the fundamental absorption edge as a 
function of temperature. 160 The hole mobility at 300°K is ~900 cm 2 volt -1 
sec 1 for higher purity samples. 168 

As high-purity Te becomes intrinsic, the Hall coefficient becomes nega¬ 
tive, indicating a mobility of electrons greater than that of holes. Near 
500°K, the sign of the Hall coefficient reverses again and becomes positive. 
The reason for the second reversal in the sign of the intrinsic Hall coefficient 
:-.x ~500°K has been the subject of much speculation. Fritzsche 163 and 
Tanuma 164 have suggested that it is caused by p-type lattice defects which 
have an activation energy of 0.5 to 0.7 ev. Fukuroi et al. lbl proposed that 
this reversal was due to the temperature dependence of the ratio of elec¬ 
tron to hole mobility; i.e., above, or below, -—'500°K, this ratio is less than, 
or greater than, unity. Callen 166 and Nussbaum 166 explained the second Hall 
reversal in terms of a double conduction band model. In this model, the 
conduction band consists of two overlapping bands. The density of states 
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Figure 9.25. Conductivity vs. l/T for p-type tellurium samples Curves 1\\ and U 
are for an undoped single crystal measured parallel and perpendicular to the c axis 
Samples 8, 5 and 8 contain iodine. (After Kronmuller, Jaumann and Sieler , 168 ) 

in the lower conduction band is smaller than in the upper; and the density 
of states at the top of the valence band has a value somewhere between 
the two conduction band densities. The effective masses in these bands 
differ in accordance with their density of states. Mobilities are related is 
the reverse fashion, with the mobility in the upper conduction band the 
smallest. As the concentration of intrinsic electrons increases with tempera¬ 
ture, increasing numbers of them populate the high mass conduction band 
so that the average electron mobility decreases. Above 500°K, it is leas 

than the hole mobility. 

Fan proposed a single conduction and a double valence band model ti 
explain the second Hall reversal. 167 This model requires the lower valenct 
band to have a smaller effective mass than that of the upper valence band. 
Caldwell’s optical results lend some support to this model. 160 He observed a 
strong absorption band at 11 microns which was proportional to the hot 
concentration. It was attributed to transitions between the two valent 
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Figure 9.26. Hall coefficient vs. reciprocal temperature for p-type tellurium sam¬ 
ples. Sample 1 is single crystal and not doped. Samples 2, 5 and 8 contain iodine 
• After Kronmuller, Jaumann and Seiler . 158 ) 


bands. The energy separation of these bands decreases with increasing 

:emperature and is 0.11 ev at 100°K. The results further indicate that the 

upper valence band has an effective mass about three times that of the 

lower band. However, not all of the electrical and optical data can be 

tisfactorily correlated with the above model. 

Loferski 168 noted a shift in the absorption edge with polarized light 

100 

which was confirmed by Caldwell. The edge shifts to shorter wave lengths 
hen the direction of polarization is changed from the E vector perpendicu¬ 
lar to the c-axis to the E vector parallel to the c-axis. This has been ex¬ 
plained in terms of the selection rules associated with the double conduc- 

105 100 • 

lion band model. ’ The energy separation between the minima of the 
~wo overlapping conduction bands corresponds to the shift of the absorp- 

• • 169 . - ^ 

lion edge, ^0.04 ev. Dresselhaus argues against this explanation. The 
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smaller mass band would be nearly degenerate and thus invalidate the as¬ 
sumed selection rules. The shift follows from a difference in symmetry of 
the conduction and valence bands. He further suggests that the conduction 
band is “normal,” and the valence band is complex. 

The variation of Hall coefficient and conductivity with pressure at various 
temperatures has been investigated by Bridgman 1 ' 0 and Long.' 8 The latter 
finds these results consistent with the following: (a) the energy gap de¬ 
creases by 0.032 ev under a hydrostatic pressure of 2,000 atm, (b) the hole 
mobilities parallel and perpendicular to the c-axis increase by 23 and 26 
per cent respectively at this pressure, (c) the electron mobility increases 
at about the same rate as the corresponding directional hole mobility, 
(d) the densities of states in the valence and conduction bands are insensi¬ 
tive to pressure. 

• 171 • • • • 

Epstein et al. have measured the resistivity, Hall coefficient and ther¬ 
moelectric power of Te in the vicinity of its melting point, 450°C. Upon 
melting, all three quantities decrease abruptly. The Hall coefficient and 
thermoelectric power remain positive up to ^575°C and then become nega¬ 
tive. The resistivity decreases linearly with l/T up to 650°C and then be¬ 
comes constant. X-ray investigations of liquid Te, slightly above the 
melting point, show the coordination number and nearest neighbor dis- 

# 1 72 rii • 

tances of the crystalline state are preserved. The electrical data suggest 
that the semiconducting properties of Te persist above the melting point 
and that a gradual transition to metallic conduction takes place with in¬ 
creasing temperature. 

Selenium occurs in several allotropic forms. The stable form below the 
melting point is hexagonal. Liquid Se can be easily supercooled to give 
amorphous or glassy Se. A red modification can be crystallized from a CS 2 
solution. This form is metastable at room temperature but rapidly con¬ 
verts to the hexagonal form at 100°C. Single crystals have been prepared by 
slow cooling, however, these are quite imperfect. 

The inability to prepare good single crystal samples is responsible for 
the lack of understanding of this semiconductor. Selenium is a p-type, ex¬ 
trinsic semiconductor below its melting point. Lattice defects at the ends 
of the chains are believed to be the principle source of carriers. Halogens 
have the effect of increasing the p-type conductivity, whereas mercury 
increases the resistivity without converting Se to n-type. The Hall mo¬ 
bility is very low, ^1 cm 2 volt -1 sec -1 . Billig 1 ' 3 suggested that barriers 
are formed by gaps between chains but that the mobility is high within 
the chains. The mobility appears to increase with temperature, lending 
support to this hypothesis. Typical room temperature conductivities and 

• 0 j j 14 3 

hole concentrations are 3 X 10 ohm cm - and 1 X 10 cm - , and the 
ratio of <r^/a jL is in the range cm -3 2-10. 1/4 The activation energy derived 
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from conductivity data in the solid is ^0.3 ev. This may be a mobility 
activation energy associated with highly imperfect crystals. Values for 
the optical energy gap of hexagonal Se fall in the range 1.7 to 1.9 ev. The 
rarly estimates have been summarized by Moss. 156 Recently, Choyke and 
Patrick 1 ' J obtained the value, 1.79 d= 0.01 ev, for the gap by a photovoltaic 
method. They were able to fit their data by assuming indirect transitions 
from the valence to conduction band via a one phonon process. The varia¬ 
tion in phonon energies with temperature is quite large (i.e., 0.02 ev at 
200°K and 0.055 ev at 450°K). Reitz 1 ' 6 has used the tight binding approxi¬ 
mation to calculate the band structure of Se. The results predict direct 
transitions at the band edge. 

Amorphous Se has a much higher resistivity than the hexagonal form, 
upwards of 10 12 ohm cm. The properties of liquid Se are important be¬ 
cause the chain structure, thought to exist in the liquid state, is similar 
to that which occurs in amorphous Se. The temperature dependence of 
the fundamental absorption edge for amorphous and liquid Se are con¬ 
tinuous. 160 Henkels 177 made extensive conductivity measurements on pure 
Se. Over the temperature range 200 to 500°C the resistivity could be ex¬ 
pressed as: log p = 3.81 + 5850/T. This corresponds to an activation 
energy of 2.3 ev, a value which is very close to the energy of Se-Se bond 

2.3 ev). The temperature dependence is much less for halogen-doped 
dimples. The halogen is presumed to act as a chain stopper. For example, 
in liquid sulfur, a sudden drop in viscosity is associated with small addi¬ 
tions of chlorine. A combination of conductivity and Hall measurements 
might be a suitable means for studying the polymerization in liquid Se 
as a function of temperature and impurity concentrations. 

Boron is one of the least understood of the elemental semiconductors. 
It is difficult to prepare high purity single crystals because of its high melt¬ 
ing point, 2000 to 2075°C. 1 ' 8 Two crystalline forms of boron are known, 
tetragonal and rhombohedral. 179,180 The latter is presumably the stable 
form near the melting point. 180 

The energy gap of boron has been the subject of many investigations. 181 * 182 
The various estimates derived from conductivity and optical data fall in 
the range 1.0 to 1.5 ev. These are summarized by Shaw et al. m The large 
uncertainty is primarily due to the present unavailability of suitable single 
crystals. Shaw et al. measured an electron mobility of 0.9 cm 2 volt -1 cm -1 
at 300°K in a tiny extrinsic sample containing 1.8 X 10 16 electrons/cm 3 . 
Estimates of the hole mobility indicate a slightly higher value. 
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CHAPTER 10 


INFRARED ABSORPTION OF SEMICONDUCTORS 

H. J. Hrostowski 


INTRODUCTION 

The increasing number of publications on optical properties of semi¬ 
conductors is an indication of the importance of such investigations in 
furthering our knowledge of these materials. Although the number of 
known semiconductors is large and continually increasing, only a few have 
been studied extensively. We shall deal mostly with silicon, germanium 
and indium antimonide to illustrate our present understanding of the 
optical properties of semiconductors. Similar information may be expected 
from the study of other semiconductors. However, the optical properties 
will be modified by various factors such as the crystal structure and the 
nature of the chemical bonding of the material. 

Ihe absorption of radiation by any medium occurs through the excita¬ 
tion of electrons and phonons, and phonon electron interactions. For semi¬ 
conductors it is convenient to consider five separate types of absorption 
arising from: (1) electronic transitions between different energy bands, (2) 
lattice vibrations, (3) electronic transitions within an energy band, (4) 
electronic transitions to localized states of impurity atoms, and (5) vibra¬ 
tions of impurity atoms. Transitions across the forbidden energy gap 
usually occur in the near infrared or visible region of the spectrum and the 
remaining absorptions are observed at lower frequencies. Several excellent 
review articles 1,2 ’ 3 deal with particular types of absorption. 


EXPERIMENTAL METHODS 

A simple type of experimental arrangement is shown in Figure 10.1. 
Samples are ground and polished by usual techniques. For most experi¬ 
ments it is desirable that the incident radiation be monochromatic. Neglect¬ 
ing interference effects, the ratio of transmitted radiation to incident radia¬ 
tion is determined 1 by 


I_ = (1 - Rf 
h e ad — R 2 e~ ad 



which includes effects of multiple internal reflections; a is the absorption 
coefficient, d the sample thickness and R the reflectivity given by 
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(n - l) 2 + k 2 
(n + l) 2 + k 2 


( 10 . 2 ) 


where n and k are the refractive index and extinction coefficient respec¬ 
tively. k is related to a by 


a = iirkv (10.3) 

where v = v/c is the wave number in cm -1 . The dielectric constant, k, is 
determined from 


* = n 2 - k 2 « n 2 (10.4) 

since k is usually <C1. n has been obtained from the reflectivity 4 and (10.2), 
assuming k = 0, from the interference patterns of thin samples, 5 and from 
the minimum deviation of transparent prisms. 6 The last method requires 
only that the medium be transparent to the incident radiation and does 
not depend strongly on the conditions of the surface or on minor variations 
in sample thickness. Values so obtained are truly characteristic of the bulk 
material. Table 10.1 gives values of n and k for the Group IV semiconductors 
and some of the III-V compounds. The results obtained by the prism 
method are listed where these are available. It can be seen from Eq. (10.1) 
and (10.2) that n determines the transmission of the pure material in the 
absence of any absorption processes. 


ELECTRONIC TRANSITIONS BETWEEN BANDS 

The Absorption Edge of Silicon and Germanium 

Light of frequency v < E a /h, where E 0 is the thermal energy gap, suf¬ 
fers a reflection loss dependent on the refractive index of a semiconducting 


ELLIPSOIDAL 

MIRROR 



— DETECTOR 



SAMPLE 


PLANE MIRROR-■ 



SPHERICAL 

MIRROR 


-MONOCHROMETER 
EXIT SLIT 


Figure 10.1. Schematic diagram of optical system using monochromatic light. 
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Table 10.1. Refractive Indices and Dielectric Constants of the Group IV 

Elemental and Some Group III-V Compound Semiconductors 



n 

k = n 2 

Si 

3.44 6 - a 

11.8 

Ge 

4.00 6 - a 

16.0 

InP 

3.3 7 * b 

10.9 

InAs 

3.42 8 ’ a 

11.7 

InSb 

3.98 8 » a 

15.9 

GaP 

^2.9 7 ’ b 

^8.4 

GaAs 

3.34 8 • a 

11.1 

GaSb 

3.74 8 * a 

14.0 

AlSb 

3.18 8 * a 

10.1 


* Prism method 
b Reflection method 


medium and is not absorbed by the pure material until the frequency nears 
values characteristic of the lattice vibrations. In the region where photon 
energies are approximately equal to E 0 there is a rapid increase in the 
absorption coefficient. The photon energy in this region gives an approxi¬ 
mate value of E g . However, the variation of a with v is dependent on 
the band structure of the material, and the determination of E G from the 
absorption edge is not a simple procedure. 

The absorption coefficient for an electronic transition from initial 
states (i) in the valence band to final states (/) in the conduction band has 
the form 9,10 


C/p | P if 1 2 N(hv) 


(10.5) 


where C is a constant characteristic of the medium and N{hv) is the den¬ 
sity of final states per unit-energy interval. The matrix element of the 
momentum determining such transitions is 


P, 


ihj i/ 7 *e k -grad \p,dr 


( 10 . 6 ) 


where ek is the p olarization vector of the radiation with wave vector k 

and i = \/—l. If the electronic wave functions are expressed by the 
usual Bloch waves 


An 


ikr 


^ kn(r), 


(10.7) 


Pif vanishes unless 


k t + k = k f . 


( 10 . 8 ) 


Since k* and k/ , the wave number vectors of the electron in its initial and 
final states respectively, are very much larger than k, (10.8) becomes 
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'No 




ct 


T* 


*N Sl 






WAVE MUMBER, k 


( 0 , 0 , 0 ) 


Figure 10.2. Schematic energy band diagram of germanium according to Herman. 11 
Direct and indirect transitions are indicated. Spin orbit splitting of the valence band 
and the higher energy conduction bands are not shown. 


I 


(10.9) 


According to this selection rule, momentum is conserved during an optical 
transition and only vertical or direct transitions are allowed in agreement 
with the Franck-Condon principle. 

Figure 10.2, which illustrates the band structure of germanium as cal¬ 
culated by Herman, 11 indicates that were (10.9) obeyed, the absorption 
threshold of germanium would be observed at frequency v = (1 /h)(E c f — 
E v ) which is somewhat higher than v = E a /h, where E G = E c — E r . 
The situation is similar for silicon since the minima of the conduction band 
and the maximum of the valence band do not occur at the same value of 
k. However, the observed absorptions for germanium and silicon change 
rapidly at v E a /h , as shown in Figure 10.3. Bardeen, Blatt, and Hall 9,:: 

have offered an explanation for this result by considering phonon electron 
interaction. The periodicity of the lattice is disturbed by thermal motion 
of the atoms. Thus (10.9), which holds strictly only for perfect crystals, 
no longer valid, and nonvertical or indirect transitions become allowed by 
virtue of the phonon electron interaction. 

Referring to Figure 10.2, an electron optically excited from i to c’ (or 
from v f to /) is transferred from c' to / (or the hole from v r to i) by absorp¬ 
tion or emission of a phonon. The electron wave vector is substantially 
altered and the net process is an indirect transition from i to / with hv ^ 
E g . The matrix element for the transition becomes 



INFRARED ABSORPTION OF SEMICONDUCTORS 


441 


WAVE NUMBER X 10 -3 (CM -1 ) 



Figure 10.3. The absorption spectra of silicon and germanium at 300°K in the 
region of the absorption edge. (After Dash and Newman} 2 ) 



( 10 . 10 ) 


where m refers to the intermediate state ( c' or v'), and the summation is 
:»ver four terms since both processes shown in Figure 10.2 may occur by 
phonon absorption or emission. P ie > and P v >f are determined from (10.6) 
and obey the selection rule of Eq. (10.9). Pi v > and P c f / have nonzero values 
only for the selection rule 

k i = k f =b q (10.11) 


where q is the wave vector of the phonon, and the positive and negat 
-igns correspond respectively to phonon absorption and emission. Assn 
ing a constant value for the phonon matrix elements and that E v * — Ei 
E c > — Ef , it has been shown 9,13 that the absorption coefficient for the 
lirect process has the form 


% 
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Figure 10.4. Log (a) vs. log (v - p t ) for silicon and 
herd and Spitzer. 10 ) 


germanium. (After Fan, Shep- 


where hv q is 
tion at k = 


°ti oc (hv — E 0 ± hv q ) n (10.12 

the phonon energy and n has a value of two if the direct transi- 
0 is allowed. For direct transitions the result is 


a d a (hv — E a ) m . 


(10.13> 


Experimentally, a varies approximately as (hv - E a )\ where n is about 
2m for germanium and 2.0 for silicon, for photons with energies greats 

than but insufficient for the direct transition. This behavior is illus¬ 
trated in Pigure 10.4 which shows plots 10 of log a vs. log (v - v t ) where 

Vt 18 the w ave number of the absorption threshold (i.e, hcv t « E 0 ). The 

empirical v t are 5000 cm for germanium and 8450 cm' 1 for silicon These 

values of n, which are much greater than n = 0.5 expected for direct tran^- 

tions, are in accord with an indirect transition mechanism produced hv 
phonon electron interaction. 

in 3 The -m rp fise in the curve for germanium (Figure 10.4) above (v - v t ) ^ 
10 cm has been interpreted as the onset of direct transitions. This re*uh 

indicates that the (0,0,0) minimum in the conduction band is approxi¬ 
mately 0.2 ev above the minima along the (111) axes. An earlier deter¬ 
mination of a from reflectance measurements suggested a similar rise for 
silicon near 1.8 ev, indicating this value for the band separation at k = a 
However, the absorption measurements of Dash and Newman 12 show r 
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pi onounced increase in a at 1.8 ev. Their results, which cover a wider range 
of a, are in agreement with other data 10 
for a < 




10 3 cm 1 


for both silicon and germanium 
, and therefore seem more reliable. For silicon they sug¬ 
gest a band separation of approximately 2.5 ev at k = 0. 

Macfarlane and Roberts have used a simplified phenomenological form 
of Eq. (10.12) to interpret their measurements of the absorption edge of 

15 1 16 T 1* • , . - 

In a preliminary analysis they found 


germanium and silicon. 


a 


A 



E g - kO) 


1 


e -0lT 


+ 


(hv — Eg T - kO) 


,0!T 


1 


(10.14) 


■»\ er the temperature range from 4.2°K to 300°K where A is a constant. 
1 he terms in the brackets correspond respectively to emission and absorp- 
ion ol a phonon of energy kd , where 6 , an empirical constant obtained by 
fitting the data, has values of 260°K for germanium and 600°K for silicon. 

Macfarlane, McLean, Quarrington and Roberts 17 studied the absorption 
Mge of germanium under very high resolution. Their results, shown in 
Figuie 10.5, indicate the presence of two knees in the absorption edge. 
These measurements have been interpreted by assuming indirect transi- 


WAVE NUMBER X I0 -3 (.CM -1 ) 
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tions involving two phonons of different energies. Absorption by excitons 
is postulated to explain the behavior of a at low levels of absorption. The 
individual absorption coefficients of four separate processes have been 
deduced from analysis of the data in the region of the knees. For instance, 
the portion of the 4.2°K curve below 0.77 ev is used to determine the energy 
dependence of an absorption coefficient, a 2 (v), for a process which begins 
at a characteristic energy E 2 . Extrapolation of a 2 (v) above the knee yields 
values of az(v) beginning at energy Ez . Similar treatment in the region of 
the other knee gives values of a 0 (V), ai(v), Eo and E x . a 0 and a 3 are asso¬ 
ciated respectively with the absorption and emission of a phonon with 
energy kd i ; a i and a 2 with the absorption and emission of kd 2 . An expres¬ 
sion of the form 





[<*3 + e llT oio ] 


(10.15) 


is used to fit the data. The 0 ’s obtained from the deduced a* and the rela¬ 
tions 



(10.16) 


have values of 320°K for di and 90°K for 6 2 . a(T) and b(T) are undefined 
temperature dependent quantities varying by about 15 per cent in the 
temperature interval investigated. The a» are expressed by 

on = f(hv — E g ' ± kdj) j = 1 for i = 0 or 3 (10.17 

j = 2 for i = 1 or 2 


where E 0 ' is the energy gap when excitons are not involved. The plus sign 
is for phonon absorption, the minus sign for phonon emission. 

According to this treatment, 


Eq - 

= E 0 ' - 

- kd 1, 

E 3 - 

- Eg ' + kd 

E 1 = 

= E,/ - 

- kd 2, 

E 2 = 

- Eg ' -f - kd 


(10.18 


Thus 


Eg' — 2(^0 + Ez) — \{E 1 + E 2 ). 


(10.19) 


At high absorption levels all a vary quadratically with energy as pre¬ 
dicted by Eq. (10.12). However, a 0 and a 3 are initially proportional t<: 
A E 112 while and a 2 vary as A E Vl where A E = (hv — E G ' dt kd). Mac- 
farlane et at. have attributed this behavior to absorption by excitons which 
have been predicted 18,19 to occupy bound states about 5 X 10~ 3 ev below 
the conduction band at the same k values as the conduction band minim-- 
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Hence 

E g = Eg + E ex (10.20) 

where E ex is the exciton ground state energy. Elliott 19 has predicted that 
indirect exciton transitions would produce a continuous absorption vary¬ 
ing as A E 112 in agreement with the behavior of a 0 and a 3 . The variation 
of ai and a 2 is attributed to the complicated band structure of germanium. 
Experimental evidence for exciton absorptions has been obtained by 
Zwerdling, Roth and Lax 20 for the direct transition in germanium. This 
observation indicates that absorption by excitons may be an important 
mechanism contributing to absorption in the region where hv E a . 

The Absorption Edge of Silicon Germanium Alloys 

The absorption edge of the silicon-germanium system has been investi¬ 
gated as a function of composition by Braunstein, Moore and Herman 21 . 
E g and 6 were determined from the simple Macfarlane-Roberts expression 
Eq. 10.14) with the understanding that the values of 6 so obtained are 
mean values for the phonons associated with the indirect transition process. 
The resultant energy gap varies markedly with composition, as shown in 
Figure 10.6, with a sharp break near 15 atom per cent silicon. This is in- 



Figure 10.6. Composition dependence of the energy gap of silicon germanium al¬ 
loys obtained from a one phonon analysis. (After Braunstein, Moore , and Herman. 21 ) 
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terpreted by considering the dependence of the band structure on composi¬ 
tion. The band structures for pure germanium and silicon are shown in 
Figures 8.2A and 8.2B. 

In alloys with low silicon contents, electrons are excited to the an:- 
minima of the conduction band of germanium by phonon electron inter¬ 
action. Direct electronic transitions to the (0,0,0) minimum also occur. 
As silicon is added, the energy of the (0,0,0) minimum increases almost 
twice as rapidly as that of the ( 111 ) minima. The (100) band minima 
of silicon are also lowered on addition of germanium to pure silicon. As 
a result, the conduction band structure shifts from that of germanium, 
with minima in the ( 111 ) directions, to that of silicon, with minima in the 
( 100 ) directions since for germanium the rate of increase in energy of 
the direct transition is almost twice as rapid as that for the indirect tran¬ 
sition. This change occurs rather abruptly at 15 atom per cent silicon as 
seen in Figure 10.6. The composition dependence of 6 in this analysis var¬ 
ies from 270 ± 20°K to 550 =fc 50°K. This curve has an s-shape which 
is interpreted as being consistent with one sort of behavior expected from 
a high degree of short-range ordering in the alloys. 

Absorption Edge of Indium Antimonide 

Of the III-V compounds, only InSb has been investigated in detail. A 
major concern has been the pronounced shift of the absorption edge to 
higher energies in n-type material. This effect was first reported by Tanen- 
baum and Briggs."’ Burstein 23 suggested that this behavior resulted from 
appreciable filling of the lower states of the conduction band. Since the 
effective electron mass is very small (room temperature infrared cyclotron 
resonance measurements 24 give m* = 0.015m for intrinsic InSb), the density 
of states in the conduction band is relatively low. At electron densities of 

18 3 

about 10 /cm the lower part of the band is heavily populated. Thus elec¬ 
trons excited from the valence band make transitions to states well up in 
the conduction band rather than to the band minimum. This behavior > 
illustrated in Figure 10.7 which shows E = E 0 + AE as a function of 
electron concentration, n. The experimental data agree with an expression 
of the form proposed by Burstein . 23 

= (i + (Er - 7 kT) (10.21) 

where E F is the Fermi energy and 7 is a parameter determined by the popu¬ 
lation of the states in the conduction band minimum. The theoretics: 
results of Kaiser and Fan 25 for 

7 = ln^^ (10.22 1 

a 











INFRABED ABSORPTION OF SEMICONDUCTORS 


447 


> 

<D 


O 
CC 
LU 
2 
OJ 

z 
o 

H 

o 

X 
CL 

0.2 

0 . 

10 17 

ELECTRON CONCENTRATION IN (CM" 3 ) 

Figure 10.7. Apparent optical energy gap of indium antimonide as a function of 
electron concentration. The curve has been calculated by Kaiser and Fan 26 and the 
=olid points are their experimental data. The triangles are from Hrostowski et al ., 26 
the open circles from Breckenridge et al. 27 

with a 0 denoting the absorption coefficient of the empty conduction band, 
ire shown by the solid curve in Figure 10.7. Stern and Talley 28 have calcu¬ 
lated E f assuming the formation of an impurity band. Their calculated 
dependence of E F on n is similar to that of Kaiser and Fan. In both calcu¬ 
lations, a value of m n * = 0.03m rather than 0.015m is required to give 
agreement with experiment. Hrostowski, Wheatley and Flood 26 suggested 
that m n * increases as the Fermi level rises above the bottom of the conduc¬ 
tion band. Subsequent determinations of m n * as a function of electron con¬ 
centration 29 and magnetic field strength 130 have verified that m n * increases 
with n presumably because of the decreasing curvature of the conduction 
band with increasing energy. When the variation of m n * is taken into 
account, the theoretical curve in Figure 10.7 is slightly modified. 

In this material the conduction band constant energy surfaces are 
spherical, with a minimum at k = 0. Since the top of the valence band is 

31 

also located near k = 0 , direct transitions without phonon interaction 
may determine the shape of the absorption edge. Fan and Gobeli 32 have 
-hown that a is proportional to h{y — v t )°' 6 for a > 100 cm -1 . This is in 
close agreement with the expression (10.13) for direct transitions. These 
experiments give a value of 0.175 ev for the optical energy gap at 298°K. 

33 

Other measurements indicate a sharp break in a near the absorption 
edge. The simplified Macfarlane-Roberts type analysis, Eq. (10.14), requires 
two indirect transitions involving phonons corresponding to 100°K and 
30°K, to give agreement with the experimental results. 34 However, oscilla- 
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Figure 10.8. Oscillatory magneto-absorption of germanium as observed by Zwerd- 
ling, Lax and Roth. 35 The ordinate is the ratio of the transmitted intensity in a given 
field to the zero field intensity. B is along a [111] axis. 


tory magneto-absorption experiments of Zwerdling, Lax and Roth show 
that phonons with energy of about 0.02 ev are absorbed even in a d:‘ 
transition. These investigators conclude that in the region of low a, 
(10.13) need not be obeyed. Thus an indirect transition from a val 
band maximum not at k = 0 is not required to explain the behavior 
in this region, where hv E G — 0.02 ev. This conclusion is in agreen 
with the results of Fan and Gobeli. 32 


E 


Oscillatory Magneto-Absorption 

# 36 37 

Several investigators ’ have independently observed oscillatory r 
neto-absorption in some semiconductors at frequencies above the abs 
tion edge for direct transitions. This effect has been obtained in germani 
indium antimonide and indium arsenide. Figure 10.8 illustrates the 
sorption in germanium for two values of the magnetic field, B, as d< 
mined by Zwerdling, Lax and Roth. 35 The minima are interpreted as transi¬ 
tions between Landau levels in the valence and conduction bands. The-* 
levels arise from the coalescence of the continuum of levels in each banc 
when a magnetic field is applied. For parabolic bands the Landau levejs 

• 38 

are given by 


E 


(■n + %)hv c + fik?/2m* 


(10.2T 


where n is the quantum number of a level, v c = qB/2irm* is the cvclotn ai 
frequency, and k z is the wave number parallel to B. From (10.23), the shiari 
in the energy gap is 


L£l£l 
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A E 0 = %h(v C c + v cv ) (10.24) 

■s-here v cc and v cv are the cyclotron frequencies of electrons and holes respec¬ 
tively, and anisotropy is neglected. 

Eqs. (10.23) and (10.24) permit an approximate determination of the 
reduced effective mass of one type of carrier if the masses of electrons and 
holes are very different. Eq. (10.23) implies that the photon energies of the 
transmission minima are linear functions of the applied field. This relation¬ 
ship has been verified experimentally for germanium 3 ' 5 for B > 15,000 
gauss as shown in Figure 10.9. All the lines converge at B = 0, and in prin¬ 
ciple an extremely accurate determination of the energy gap for direct 
transitions can be obtained from the extrapolated photon energy. How¬ 
ever, similar experiments using higher resolution show a more complicated 
situation. A considerably larger number of bands is observed. In addition 
:he photon energy of a transmission minimum does not remain a linear 
function of B at lower fields where the spectra at low temperature are com¬ 
plicated by exciton absorptions. 20 Thus extrapolated values of (hv ) B =o are 
not simply related to the energy gap for direct transitions. 39 



Figure 10.9. Photon energy of transmission minima vs. magnetic field for ger¬ 
manium at 298°K. (After Zwerdling, Lax, and Roth. 96 ) 
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Temperature and Pressure Effects on Eg 

Values of E 0 determined by optical methods are listed in Table 10.2 for 
a number of semiconductors. For germanium, Eg has been determined from 
the detailed analysis discussed on p. 444. The other values of E 0 have been 
estimated from the rapid change in a near the absorption edge. In these 
cases the values reported by different investigators usually differ by less 
than 0.03 ev. Since indirect transitions are allowed by phonon electron 
interaction, the optical values of E a are in good agreement with values ob¬ 
tained by thermal measurements (see Chapters 8-9). Lattice contraction 
and phonon electron interaction produce a change of E 0 with temperature. 
At high temperatures, 150°K for germanium, E G decreases linearly with T , 
but the variation is smaller at lower temperatures. This behavior is il¬ 
lustrated in Figure 10.10 which shows the variation of E 0 with T deter¬ 
mined for germanium by Macfarlane et al. 17 Theoretical treatments of this 
effect have been given by Fan 41 and Muto and Oyama. 42 The optically 
determined values of ( 6E/dT) P in the linear region are in close agreement 
with those obtained from thermal measurements. The known values are 

listed in Table 10.2. 

A variation of E G with pressure has also been observed for silicon and 
germanium. This variation results from the dilation, A, of the lattice. lor 
small dilations the energy is a linear function of A. Experimental values 
of ( dE 0 /dP) T determined from the shift in the absorption edge are of the 



Figure 10.10. Temperature dependence of E G for germanium. (After Mac far l a** 
et al. 17 ) 
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Table 10.2. (£'g')3oo 0 k 


Si 

Ge 

InP 

InAs 

InSb 

GaP 

GaAs 

GaSb 

AlSb 


(#<?)o°K AND (dE/dT)p IN THE LINEAR RANGE FOR SOME 

Semiconductors 


(-£(?) 300°K 
(ev) 

(Eg) o°k 

(dE/dT) P 

(ev) 

(ev/°K) XIO^ 

1.09 16 

1.14 16 

—4.4 10 

0.66 17 

0.75 17 

—4.0 10 

1.25 40 

1.34 40 

—4.6 40 

0.35 8 

0.45 40 

—3.5 40 

0.175 32 

0.25 40 

— 2.7 40 

2.24 40 

2.4 40 

— 5.4 40 

1.45 8 

1.53 40 

—4.9 40 

0.70 33 

0.80 40 

—3.5 40 

1.60 40 

1.70 8 

— 3.5 40 


order of 5 X 10 12 ev cm 2 dyne 1 for both silicon and germanium. However 
dE 0 /dP ) T is positive for germanium but negative for silicon. 

Interband Transitions 

1 or p-type germanium, the absorption does not vary smoothly with de¬ 
creasing frequency as expected for free charge carriers (see p 457) Two 
weak bands are observed 45 ’ 47 at 3500 cm" 1 and 2200 cm’ 1 followed by a 
?haip rise in absorption near 1000 cm 1 as shown in Figure 10.11. a then 


PHOTON ENERGY IN ev 



Figure 10.11. 
and Fan. u ) 


- ■ - ^ ••• i * J 

Absorption coefficient of p-type germanium. (After Kaiser, Collins 
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remains essentially constant to about 125 cm *, where another increase is 
observed. The absorption is proportional to p, the hole density. Briggs 
and Fletcher suggested that this behavior arises from transitions be¬ 
tween different bands in the valence band. The interpretation of these 
absorptions is indicated in Figure 10.12, which shows the valence ba.„ 
structure of germanium. The threefold degeneracy of the valence band i 
removed by the spin orbit splitting. Two bands are still degenerate at k = 0. 
but all three bands have different curvatures (see Chapter 8). The infrarec 
bands at .3500 cm 1 and 2200 cm -1 are interpreted as the hole transition- 

hv 13 and hv n respectively. The broad absorption near 1000 cm -1 result- 
from the hv\ 2 transition. 

Kahn has treated this problem theoretically, assuming that the energy 
of each valence band is proportional to k 2 so that 




EA 0 ) 


tfk 2 

2m j 


(10.25 


and 


hvn — Em — EA 0 ) + (— -—^ . ( 10 . 2 > > 

2 \rrij to ,/ 

Since the symmetry of the diamond type lattice is such that the matm 

elements determining the transitions vanish at k = 0, Kahn assumes P. 
proportional to k. Thus 
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m&Yij 1 



(10.27) 


Neglecting the holes in band 3 since the spin orbit splitting, X, is much 
rreater than kT , and using the subscripts h and l to denote the heavy hole 
band (band 1) and the light hole band (band 2) respectively, in accord¬ 
ance with the notation of Chapter 8 

( *\ 3/2 

. (10.28) 

Mi*/ 

If a Maxwellian distribution is assumed for p h , the absorption coefficients 
for the interband transitions have the form 






mi * hv 

- m h *'kT 



m h 


hv 


mi 


m h 


* kT 



(10.29) 

(10.30) 


where the term corresponding to induced emission is neglected in a i3 since 
the hole density of band 3 is very low. For X = 0.3 ev and m 3 * ^ 0.1m 
these equations give qualitative agreement with experiment. 

A more detailed calculation of absorption arising from interband transi¬ 
tions in p-type germanium has been performed by Kane. 50 In his treatment 
the structures of the valence bands calculated from cyclotron resonance 
parameters are used to determine the optical matrix elements. The results 
are much more complicated and the agreement with experiment is greatly 
improved. 

Absorption spectra of p-type InAs 51 and GaSb 52 also indicate transitions 
between different valence bands. In p-type InAs the absorption has been 
attributed to transitions between bands 1 and 2 (see Figure 10.12). Stern 53 
has estimated that the spin orbit splitting, X, is 0.43 ev in this case. Transi¬ 
tions from band 3 are not observed since X is greater than E Q at tempera¬ 
tures where the holes are ionized. The valence band structure of silicon is 
similar to that of germanium (see Chapter 8). The spin orbit splitting of 
the valence bands of silicon has been estimated to be 0.035 ev. However, 
no interband transitions have been observed since these occur in a region 
where they are easily masked by free hole absorption. 


LATTICE ABSORPTION 

The fundamental optical mode of vibration of a diamond-type lattice is 
infrared inactive since no electric moment is produced by this motion. 55 
However, a number of absorption bands have been observed 04,50 in silicon 
and germanium in the region from 1200 to 400, and 700 to 300 cm" 1 , 
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Figure 10.13. Infiared vibrational spectra of high-purity silicon and germanium. 

respectively. Figure 10.13 shows that both spectra are very similar (pro¬ 
viding the silicon is not contaminated by oxygen). The positions and in¬ 
tensities of these bands are independent of electrically active impurity 
effects. Collins and 1* an studied the temperature dependence of the lattice 
absorption. Their measurements show that the intensity is proportional to 
the mean square thermal displacement of the atoms. Burstein and Oberly* 
have suggested that these spectra arise from two phonon processes resulting 
in a second-order electric moment. Lax and Burstein 55 have also shown 
that a second-order moment is produced when charges induced by one -vi¬ 
brational mode are caused to vibrate by a second mode. This mechanism 
can occur either by the simultaneous creation of two phonons or the simul¬ 
taneous creation of one phonon and the destruction of another. High fre¬ 
quency modes are most effective in this process since the low frequency 
modes do not change the charge distribution in the two equivalent sub¬ 
lattices of the diamond structure. Thus the infrared absorption bands are 
combination bands involving two or more phonons having the same wav* 
vector but belonging to different branches (see Figure 8.7) of the vibrational 
spectrum. These combinations can occur at any value of the wave vector 
in the first Brillouin zone, and each absorption is a weighted average of tbe 
sum or differences of the frequencies of two phonons over the whole zone. 

The fundamental vibrational spectra of silicon and germanium have 
calculated by Hsieh 57 using a method derived by Smith. 58 This approxima¬ 
tion assumes arbitrary forces between first neighbor atoms and centra, 
forces between second nearest neighbors. The force constants are deter¬ 
mined from the elastic constants. The calculated spectra bear little relati 
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LE 10 . 3 . Fundamental Optical Frequencies of Germanium and Silicon 




nanium 

on 


6 K V 0 FI.R. v calc . 

362 62 250 345 54 390 65 

658 63 460 600 54 850 55 


vn-s. 
303 60 


*° lhose observed. Macfarlane et al . 17 found that the 90°K phonon observed 
m the absorption edge of germanium could not be accounted for by this 
sreatment. the relatively poor agreement between the observed heat 
rapacities of silicon and germanium and those calculated by Hsieh indi¬ 
cates the inadequacy of such a simplified calculation of the spectra. Phonon 
eoergies obtained from radiative recombination experiments 59 and inelastic 
^utron scattering 60 are also in disagreement with these results. Recently, 
^ ^ as shown that the results of this type of calculation are not im- 
jto\ ed by including third nearest neighbor interactions. However, a calcu¬ 
li 011 using only two nearest neighbor force constants and quadrupole- 

iadrupole interactions 61 appears to agree more closely with the empirical 
data. 

1 he fundamental optical vibration although Raman active has not been 

c*bserved for silicon and germanium because of experimental difficulties. 

• Rues calculated by Smith’s method are compared in Table 10.3 with the 

^ave number of the most intense infrared band, that corresponding to the 

Debye temperature, 0, and that obtained by neutron scattering. Since the 

observed spectra consist of combination bands, there is little reason to ex- 

F^ct close agreement between the infrared values and those determined by 
other means. 

I oi the III-V compounds there is a first order electric moment associated 
ith the fundamental optical mode. Consequently, we expect behavior 
similar to that observed for materials such as the alkali halides where the 
uve vector of the excited mode is essentially zero. Typical reststrahlen 
peaks have been observed for InSb, 64 InAs, GaSb, GaAs and AlSb. 65 Figure 
10.14 shows the reflectivity of InSb at low frequencies and illustrates this 
behavior. Estimates of the effective ionic charge, q *, have been made using 
an equation derived by Szigeti. 66 


A = Nq* 2 /n 2 + 2\ 2 
Ks ttMv o 2 V 3 ) • 

Here N is the ion pair density, M the reduced mass 


(10.31) 



: the ions, n is the refractive index for v » v 0 and v 0 is the frequency of the 
.attice vibration; Ak s is the lattice vibration contribution to the static di- 
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WAVELENGTH IN MICRONS 

Figure 10.14. Reststrahlen peak of indium antimonide. (After Spitzer and Fan" 


electric constant which is determined from the difference in reflectivitr 
A Rj at v > vo and v < vo where 



u + A *,) 112 - i i 2 _ r K m ~ i t 

(k + A« s ) 1/2 + lj |_K 1/2 + lj 


( 10 . 3 ? 


The values obtained for q* and v„ are given in Table 10.4. According * . 
these results, there is appreciable ionic bonding in the III-V compound?.. 

Lattice vibrations of InSb 64,67 and GaSb 68 have also been observed M 
transmission measurements. The experimental results for GaSb indicate 


Table 10.4. Effective Ionic Charge and Reststrahlen Frequency for S< 

III-V Compounds 



Q*/q 

InSb 

0.34 

InAs 

0.34 

InP 

0.58 

GaSb 

0.18 

GaAs 

0.50 

AlSb 

0.41 


F 0 (cm _1 ) 

x(m) 

192 

52 

244 

41 

312 

32 

247 

40.5 

278 

36 

323 

31 
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*-:it combination bands are observed for the III—V compounds as well as 
die monatomic semiconductors of Group IV. 


FREE CHARGE CARRIER ABSORPTION 


"ith photon energies <E G , the absorption of free carriers is observed 
- extrinsic semiconductor samples. This absorption arises from electronic 
transitions within a given band. In a perfect lattice such transitions are 
forbidden by the selection rule (10.9). However, thermal vibrations and 
^ttice imperfections permit these transitions according to (10.11), the 
selection rule for indirect electronic transitions. Free charge carrier absorp¬ 
tion increases with increasing carrier density and also increases in a smooth 
fashion with decreasing photon energy. Yet in many cases other mechanisms 


cause absorption which may mask that due to charge carriers. For example, 

we have seen that in p-type germanium the dominant absorption arises 
from interband transitions. 

The effect of free carriers was first interpreted using an expression identi¬ 
cal to that obtained for perfectly free electrons 69 


a 


47r nq 
■ • _ 

cn m* 


1 + CdV 


(10.33) 


where co is the angular frequency of the radiation, c is the velocity of light, 
n is the net carrier density and r is the mean relaxation time of the car¬ 
riers. Usually co 2 r“ )>> 1 and r can be obtained from the mobility by 


so that (10.33) becomes 


n = qr/ (m*) Av . 


(10.34) 



nCTTfiV 2 



(10.35) 


Kahn was able to fit the observed room temperature absorption of w-type 
germanium by this expression. His values of ( m *) Av ., where 



(10.36) 


ranged from 0.11m to 0.22m while the cyclotron resonance value is 0.12m. 
His treatment of p-type silicon gives similar results. 

This treatment approximates the electron phonon interaction by assum¬ 
ing a constant damping factor for electron oscillation. Frohlich 70 has pointed 
out that this is a poor approximation and considers phonon assisted transi¬ 
tions in a manner similar to that used for interpretation of the absorption 
edge. The matrix element for such a transition is similar to that given by, 
Eq. (10.10) with the denominator determined by the frequency of the 
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phonon and the change in wave vector of the electron. One matrix element. 

> f° r the optical transition, has nonzero values only when k 
and the other, P (l \ 
satisfied. 


constant, 

for electron-lattice interaction only when (10.11) is 


Free charge carrier absorption also results from the scattering of conduc¬ 
tion electrons by charged impurity centers. At high carrier densities ab¬ 
sorption also arises from electron-electron scattering. According to Fan. 
Spitzer and Collins 71 the calculated absorption for lattice scattering is 
proportional to v~ m rather than iT 2 as in Eq. (10.35). When impurities are 
considered as scattering centers the absorption becomes approximately 
proportional to v 3-0 for a coulombic perturbing potential when hv > AT. 
The experimental data are in partial agreement with these results. 

Rosenberg and Lax have recently calculated free carrier absorption 
using the known conduction band structure of germanium. This is a com¬ 
plete many-valley treatment which considers both inter-valley and intra¬ 
valley transitions. 1 he effective mass is not a separable quantity in this 
method which uses three deformation parameters consistent with other 
transport processes. Both phonon and impurity scattering are considered. 
The perturbing potential for impurity scattering is taken as the coulombic 
potential of an isolated ionized impurity corrected for screening effects. 

1 he theoretical results and the experimental data of Fan, Spitzer and 
Collins 71 are shown in Figure 10.15. The arrows in this figure indicate the 
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Figure 10.15. Absorption cross section of conduction electrons in n-type 

manium. The points are the measured values of Fan, Spitzer and Collins. 71 The sol:-; 
lines are the calculated results of Lax and Rosenberg. 72 
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frequency at which electrons may be scattered from the (111) minima to 
the (0,0,0) minimum in the conduction band. This process has not been 
considered in the calculations. At 450°K the agreement with experiment is 
excellent. The agreement becomes worse at lower temperatures. At 293°K 
the theoretical results are 20 to 30 per cent low. At 78°K they are lower 
than the observed results by a factor of from two to four and also show a 
different frequency dependence. 

Where the absorption arises predominantly from phonon scattering 
450°K), the calculations of Rosenberg and Lax 72 agree more closely with 
experiment than those of Fan, Spitzer and Collins. 71 At lower tempera¬ 
tures where impurity scattering becomes important this is not the case. 
The discrepancy is attributed to the neglect of screening and induced pho¬ 
ton emission, and the use of m n * as an adjustable parameter by Fan et at. 
Lax and Rosenberg employ no adjustable parameters. They conclude that 
there is still no adequate theory of absorption due to impurity scattering 
and that the results of Fan et al. overestimate impurity effects. 

Since interband transitions have not been observed, the absorption of 
p -type silicon is very similar to that of n-type germanium and can be 
interpreted as free charge carrier absorption.' 3 For n-type silicon,' 4 the 
absorption for v < 2000 cm -1 agrees with that expected for a free charge 
carrier effect. However, near 4000 cm -1 , a pronounced band is superimposed 
on the carrier absorption. This behavior, which is independent of the 
donor, is shown in Figure 10.10. Spitzer and Fan' 4 have attributed this 
absorption to transitions from the lowest energy conduction band minima 
to a higher energy band in the conduction band. The peak of this absorp¬ 
tion occurs at 0.5 ev at room temperature indicating a separation of 1.7 ev 
from the valence band. Since measurements near the absorption edge (see 
Figure 10.3) show no indication of a transition in this region, the origin of 
this higher energy band is unknown. 

DETERMINATION OF EFFECTIVE MASS 
Electric Susceptibility 

Spitzer and Fan 29 have recently demonstrated a simple means of obtain¬ 
ing the mean effective mass of carriers from the optical constants. The 
method involves determination of the contribution of the carriers to the 
electric susceptibility. For a cubic crystal in an applied electric field 

lwt the susceptibility, Xc is given by 


S 


S 0 e 


4 

n 



2 

T V x 


df 0 2 


+ (cor) 2 dk x (2tt) 3 


d£l 


(10.37) 


where / 0 is the probability that an electron energy state is occupied, di 2 k is 
the volume element of k-space, and v x is the electron velocity in the x-direc- 
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Figure 10.16. Free charge carrier absorption of some ra-type silicon samples. {After 
Spitzer and Fan . 74 ) 


(ion. With v x = (l/fi,)(dE/dk x ), where E is the carrier energy, and assuming 
(wr) 2 » 1, (10.37) becomes 





(10.381 


after integration by parts. For a band structure with spherical constant 


energy surfaces 



nV/2m* 


(10.39 


and Xc becomes 


Xc 


4 

Q 
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arm* J (2tt) 


fodQ 


nq 


co 2 m* 


( 10 . 40 ) 


If an effective mass is defined in terms of the electric susceptibility by 


Xc 


nq 


c o 2 m s 



( 10 . 41 *» 
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Figure 10.17. Reflectivity and refractive index of an n-type germanium sample 
with n = 3.9 X 10 18 /cm~ 3 . (After Spitzer add Fan. 29 ) 


then m s = m* for spherical energy surfaces. For a more complicated band 
structure, m s = ( m*) A v . . 

Measurements of R and T permit a determination of n and k from equa¬ 
tions (10.2) and (10.1) respectively. follows from the relation 

k = ko + 47 rxc = n 2 — k 2 (10.42) 

where ko is the dielectric constant of the intrinsic material. Determination 
of n from the Hall coefficient allows m s to be determined from (10.41). The 
data obtained for n-type germanium are shown in Figures 10.17 and 10.18. 
The latter figure illustrates that Eq. (10.41) is well satisfied and justifies 
the assumption that (cor) 2 1. The results obtained for other materials 
agree with ( m *) Av . determined from cyclotron resonance measurements 
except for p-type germanium and n-type InSb. Interpretation of the results 
for p-type germanium is complicated by the absorption due to interband 
transitions. In n-type indium antimonide, m n * determined in this manner 
increases with n. This effect is attributed to the decreasing curvature of the 
conduction band with increasing energy. 

Infrared Cyclotron Resonance 

The determination of effective masses from cyclotron resonance has been 
discussed in Chapter 8. Since the condition for observation of a resonance 
is rco c > 1, experiments in the microwave region require that r be 1CT 11 
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Figure 10.18. Extinction coefficiennt and free carrier susceptibility for an n-type 
germanium sample with n = 3.9 X 10 18 /cm 3 . (After Spitzer and Fan.™) 

sec. or longer. Such values are obtained only for high purity semiconductors 
at low temperatures. However, the development of higher magnetic field.- 
has allowed cyclotron resonance measurements to be performed at infrared 
frequencies where r is 10~ 13 sec or shorter. Infrared electron resonance was 
first observed in InSb at room temperature by Burstein, Picus and Gebbie n 
who found m n * = 0.015m. Similar experiments 30 using pulsed fields up to 
320,000 gauss show that for InSb m n * increases with increasing field strength 
and also give a value of 0.03m for m n * in InAs. 

IMPURITY STATES 

In Chapter 8 we have seen how the thermal ionization energy of an im¬ 
purity center is determined from the temperature dependence of the elec¬ 
tron or hole concentration. This quantity, E T is the energy difference be¬ 
tween the ground state of an impurity atom and the nearest band edge. For 
silicon and germanium, we find values ranging from about 0.01 ev to almos* 
half the energy gap (see Figures 8.11 and 8.12). Sime impurity centers 
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have ground states close to the center of the forbidden energy gap; others 
exist in several different states of ionization. The impurities with deep 
levels are very poorly understood and will be discussed later. However, the 
elements from Group III A and Group V A of the periodic table constitute 
the simple shallow acceptors and donors in silicon and germanium. These 
are substitutional impurities with roughly equal, low ionization energies. 
The first attempts 76 to describe such centers considered the impurity as a 
hvdrogen-like atom, with an effective mass different from the free electron 
mass, imbedded in a medium of dielectric constant, k. This analogy to the 
hydrogen atom implies spectra similar to that of atomic hydrogen and 
therefore suggests a number of bound states between the ground state and 
the nearest band edge. Transitions between such bound states were first 
observed by Burstein et aZ.' 6 in boron-doped silicon. Subsequent experi¬ 
ments 77 82 have produced a rather detailed knowledge of the spectra of 
"i m pie impurities in silicon. These results clearly illustrate the inadequacy 
°f the simple hydrogen model of an impurity center. Fortunately, recent 
theoretical advances 83 8 ' have resulted in a greatly improved understanding 
of the observed spectra. 

Although calculations of the relative positions of a number of excited 
levels have been made for both silicon and germanium, 3 only the spectra 
of shallow impurities in silicon have been studied extensively. Absorptions 
ol similar impurities in other semiconductors often occur in the rather in¬ 
accessible low energy spectral region; only recently has this been investi¬ 
gated for impurity levels of germanium. 88 As a result we focus our attention 
on impurities in silicon. 

Shallow impurities are ionized at room temperature so that transitions 
to excited states can be observed only at low temperatures. Spectral resolu¬ 
tion increases with decreasing temperature since interactions of the elec¬ 
tron with lattice vibrations increase the band widths of electronic transitions 
above about 20°K. Because interactions between impurity atoms also 
broaden the bands 78 at concentrations above about 2 X 10 16 per cm 3 , the 
most reliable data are obtained at lower impurity densities. Figure 10.19, 
which shows the absorptions of arsenic and bismuth in silicon, illustrates 
the results obtained for donors at 4.2°K. The band at 316.4 ± 0.2 cm -1 
arises from antimony contamination. We observe a number of sharp ab¬ 
sorption bands at energies less than the ionization energy. Similar spectra 
are obtained for phosphorous and antimony. The most striking observation 
is the remarkable similarity of the spectra of shallow donors (when impuri¬ 
ties unintentionally present are ignored 90 ). For acceptors we find a com¬ 
parable situation. Although the differences between impurities are some¬ 
what greater here, the over-all similarity is unmistakable. This can be seen 
from Figure 10.20, which shows the absorptions of boron and indium in 
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Figure 10.19. Electronic spectra of bismuth and arsenic in silicon at 4.2°K. 


silicon. Table 10.5 gives the energies of the observed transitions of shallow 

impurities. Assignments of the transitions are also given wherever possible 

These have been obtained from the theoretical considerations discussed 
below. 

All shallow donors have a common absorption scheme. The acceptors 
also show a common spectral pattern. However, there is no clear one-to- 
one correspondence between the absorptions of these two different patterns. 
This fact presents a strong argument against the simple hydrogen model 7f 
which predicts a single term scheme with energy levels given by 




n = 1,2, ••• (10.43 1 


In this approximation the only difference between the energy level diagram? 
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Figure 10.20. Electronic spectra of indium and boron in silicon at 4.2°K 


of donors and acceptors is a scale factor resulting from the different effective 
masses. The disparity between observed and expected spectra for any 

'u ° f , TO *. ls a more definite indication of the inadequacy of this model. 
Although it is only a rough approximation to the empirical results, it serves 

to illustrate an important property of shallow impurity atoms. The effective 
Bohr radius for a hydrogenic center is 


a ~q^i- (10.44) 

Using k = 12 and m* = 0.3m gives a* « 20A°. Thus, the orbit of an im¬ 
purity state is smeared out over a very large number of crystal cells (the 
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Table 10.5. Experimental Spectra in Units of 10 -3 ev 


Transition 

Acceptors 

B»i 

Al 81 

Ga 81 

In 81 

Is -> 2p l 

30.16 zb 0.12 

54.91 

58.26 

142.06 

Is 2p 2 

34.52 =b 0.12 

58.57 

61.80 

145.73 

Is — > 2p 3 

38.40 

64.08 

67.15 

149.75 

Is 2p 4 

39.65 

64.99 

68.26 

150.88 

Is — > 

41.46 

66.90 

70.68 

153.36 

Is — > 

42.13 

67.55 

71.39 dz 0.15 

153.96 

Is — > 

42.74 

68.51 =b 0.12 

72.28 zb 0.15 

155.41 zb.0.2 

Is — ► 

43.85 





Donors 


P80 

As 90 

Sb 80 

Bi 8 2 

Is — > 2 p,m = 0 

34.5 

42.27 

31.8 

59.50 

1 s(l) -> 2s(5) a 


~44.66 


62.19 

Is — » 2 p,m = ±1 

39.5 

47.47 

36.5 

64.57 

Is — > 3 p,m = 0 


48.35 


65.47 

Is — > 


49.87 


67.13 

Is — > 3 p,m = ±1 

42.6 

50.72 

39.9 

68.01 

Is — > 

44.6 

52.47 =b 0.3 


69.12 zb 0.12 


Note: The parenthetical numbers give the approximate degeneracy of these states. 


lattice constant of silicon is 5.42A°). As a result, an impurity electron in a 
bound state spends only a small fraction of time in the proximity of the 
parent atom and is not strongly influenced by the complicated and unknown 
potential in this region. The impurity states, and particularly those excited 
states which have much larger orbits, of donors and acceptors are therefore 
determined primarily by the structure of the conduction and valence band^ 
respectively. 

Theory of Shallow Impurity States 

The effective mass theory for impurities in silicon and germanium was 
developed by Kittel and Mitchell, 8,3 and Luttinger and Kohn. 85,86 A de¬ 
tailed account of the theory has been given by Kohn. 3 For our purposes :* 
is useful to consider the historical development of the treatment of impurity 
centers. For the hydrogen atom model the kinetic energy of the electron 
was assumed to be the energy at the bottom of a very simple conduction 
band. The potential energy was approximated by the electrostatic attrac¬ 
tion of a singly-charged ion for an electron in a medium of dielectric co»- 
stant, k, or 
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U 


xr 


(10.45) 


The lower the electron density in the immediate region of the impurity 
atom, where the potential is much more complicated, the better this ex¬ 
pression approximates the true potential. The effective mass formalism 
retains the potential energy approximation given by Eq. (10.45), and also 
considers the experimentally determined band structure. Since a donor 
state is essentially a wave-packet of Bloch waves near the bottom of the 
conduction band, the kinetic energy of the electron is determined from the 
energy of the minimum (or minima) of the conduction band of the particu¬ 
lar semiconductor. Consequently, there is no single energy level pattern 
for donors in different materials, and the spectra for donors in a given semi¬ 
conductor may also be very different from those for acceptors; however, 
in this approximation no differences are expected among the various donor 
spectra, or acceptor spectra, in a particular semiconductor. This treatment 
is quite general, and includes the results for the hydrogen atom model as a 
special case for a simple conduction band structure. 

It has been shown 80 that the wave function for a shallow donor state may, 
with little error, be written in the form 


iKr) 


E/r)*>/r) 


(10.46) 


in the region near the f th minimum of the conduction band. <pj(r) is the 
Bloch wave at the ft h minimum, and Fj( r) is a hydrogen-like envelope 
function. An electron described by Eq. (10.46) behaves locally as the Bloch 
wave <pj( r), but over large distances <pj( r) is modulated by the envelope 
function Fj( r). If the Fj( r) have slow spatial variations, they satisfy the 
equations 


U(M- F/r) 

L V / kvj 


EFj( r). 


(10.47) 


E((l/i)V) means that in the expression for Ej( k), k is to be replaced by 
(1 /i )V and E is the energy of the donor state below the band minimum; 


i is y/—l. For a conduction band with a single minimum at k 
(10.47) becomes 


0, Eq. 


2m 


V 


k r 


F(i) 


EF( r) 


(10.48) 


This is the Schroedinger equation for the hydrogen atom with m replaced 
by ra* and the potential modified by the dielectric constant of the medium. 
For this special case the energy levels and the Bohr radius are given by Eqs. 

(10.43) and (10.44), respectively. 
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Near the (0,0,ko) minimum, the energy of the Bloch waves is given by 
(see Chapter 8) 

E - Jr, <k - - k ” )! + as: <k -‘ + k *'> <'<>•«> 


where ray and m ± are the longitudinal and transverse effective masses. The 
corresponding F( r) satisfy the equation 


ft d 


ti 


d 


+ 


d 


2 n 


2m\\ dz 2 2m ± \da; 2 <9?/ 


L f(r) 

kt_ 


EF{ r). (10.50) 


Eq. (10.50) has not been solved exactly. However, very good approxima¬ 
tions to the true energy levels have been obtained by the use of relatively 
simple variational functions. 86 

Since the two transverse effective masses are identical in silicon, Eq. 
(10.50) has axial symmetry. But with m B ^ m ± the solutions are quite 
different from simple hydrogenic functions. However, the states are desig¬ 
nated by the atomic notation (Is, etc.) of the hydrogen atom since the 
wave function for any given state becomes hydrogen-like for an isotropic 
effective mass. 

In silicon with six equivalent minima in the conduction band we have 
six equivalent solutions of Eq. (10.50) for the ground state. In the effective 
mass approximation these are completely degenerate solutions which all 
have the same energy. However, the degeneracy of the appropriate solutions 
must be determined from the symmetry of the true Hamiltonian of the 
problem. As a result the “Is” solutions, for example, are not completely 
degenerate, but are split into three sets of levels which are singly, doubly, 
and triply degenerate. The separation between these sets is largest for 
those states which are the least well described by the effective mass theory. 

A major assumption of the effective mass theory is the nature of the 
attractive potential between the donor electron and the nucleus of the 
impurity atom. At large distances from the nucleus the attraction is well 
described by the coulombic potential —q/nr. The greater the orbital ex¬ 
tension, the more closely this potential approximates the true potential. 
However, in the immediate vicinity of the impurity atom the potential is 
unknown. Some measure of the importance of this region is obtained from 
comparison of the calculated ionization energy with the experimental 
values. Theory predicts an ionization energy, E 0 , of 0.029 ev for all donors 
while the observed values of E T range from 0.039 ev for phosphorous to 
0.069 ev for bismuth. This discrepancy has led to a revision of the calcu¬ 
lated energy of the “2s” state, E 2s . The experimental value of E T is taken 
as the true ground state energy and E 2s is determined from 
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with 8 



(10.51) 


where 8 is the quantum defect. Since the wave functions of the p states 
have nodes at the nucleus and negligible amplitudes in the region of un¬ 
known potential, the effective mass energies of these levels are assumed 
correct. 

80 • # 

In Table 10.6 we reproduce the results of Kohn and Luttinger, listing 
the calculated energy level scheme for donors, the degeneracy of each 
state, and the revised scheme for arsenic. Similar results are obtained for 


other donors. 

In principle, the calculation of the energy level scheme for acceptors is 
the same as for donors. However, the degeneracy of the valence bands leads 
to a much more complicated situation, particularly since the spin orbit 
splitting, X, is comparable to Eq . The energy near the maximum cannot be 
expressed by an expression as simple as Eq. (10.50), but is given by a solu¬ 
tion of a 6 X 6 secular equation. As a result the wave functions for acceptor 
states are the solutions of a set of coupled differential equations. Before 
considering the calculated results we note several facts: (1) X has not been 
determined experimentally. Theoretical predictions give X = 0.035 ev, a 
value which may be in error by as much as 0.07 ev. (2) The constants which 
determine the shape of the valence band near k = 0 are not accurately 
known from cyclotron resonance experiments, and even the sign of one, B , 
(see Eq. 8.13) is in doubt. However, Schecter and Kohn 91,3 have calculated 
approximate values for the energies of the five lowest acceptor states for 
both signs of B . Their results are summarized in Table 10.7 which also in¬ 
cludes the degeneracy of each state. Again the states are designated in the 
same manner as those of the hydrogen atom. In this case the first four 
excited states are 2 p states. Although these have different energies, for an 


Table 10.6. Theoretical Energy Level Scheme for Donors in Silicon and the 


Corrected Scheme for Arsenic 

E(ev X 10 3 ) 


State 

Degeneracy® 

Theo. 

As® 

1 s,m =0 

1 

-29 ± 1 

-49 

1 s,m =0 

5 

-29 ± 1 

-33 ± 4 

2p,m = 0 

6 

-11.3 =fc 0.6 

-11.3 d= 0.6 

2s,m =0 

1 

—8.8 dr 0.6 

-11.1 d= 1.0 

2s,m =0 

5 

— 8.8 dr 0.6 

-9.5 d= 1.3 

2 p,m = drl 

12 

-5.9 dr 0.1 

-5.9 =t 0.1 

3 p,m = 0 

6 

-5.7 d= 0.6 

-5.7 d= 0.6 


a This degeneracy is only approximate. 
b Calculated assuming E t = 49 X 10 -3 ev. 
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Table 10.7. Theoretical Acceptor Spectra 


State 

Degeneracy 

E{ev X 103) 

B < 0 

B > 0 

Is 

4 

33.8 

49.0 

2 p 1 

4 

12.6 

13.2 

2p 2 

4 

8.6 

8.9 

2 p* 

2 

6.4 

6.5 

2 p 4 

2 

4.3 

4.1 

isotropic effective mass their envelope 

/» . • n-i i 

functions become 

hydrogenic 2 p 


functions. The superscripts are used only to differentiate them. 

Comparison of Theoretical and Experimental Results 

Data obtained from Hall effect measurements (see Chapter 8) show a 
wide variation in the ionization energies of both donors and acceptors in 
silicon. Experimental values differ by as much as a factor of three from the 
calculated values. This failure of the effective mass theory to describe the 
ground state of an impurity atom is a direct consequence of the inadequacy 
of the simple potential, —q/nr, in the proximity of the impurity center. In 
this region the dielectric constant becomes a nebulous concept and the 
potential is much more complicated. 

A more suitable test of the theory is obtained from comparison of the 
calculated and observed separations of the higher energy levels. From the 
uncertainty in the parameters describing the valence band we anticipate 
that the donor spectra will be better described by theory and consider 
these first. The most reliable spectra are those for bismuth and arsenic. 
Available spectra of antimony and phosphorus are complicated more by 
interfering absorptions, and more bands are observed than can be satis¬ 
factorily accounted for on a reasonable theoretical basis. 

Relative intensities of transitions from the ground state have been cal- 
culated by Ivohn. these values permit the relatively unambiguous assign¬ 
ments listed in Table 10.5. Table 10.8 gives the calculated and observed 
separations between several states of the Group V-A donors. The general 
agreement is excellent, particularly in the following respects: 

(1) From Table 10.9 we see that the observed energy differences between 


Table 10.8. Spacings of Excited Donor States in ev X 10 3 


States 

/ 

Theory 

P 

As 

Sb 

Bi 

(2 p,m = zbl)-(2 p,m = 0) 

(3 p,m = 0)-(2 p,m = =bl) 

5.0 =b 0.3 
0.2 ± 0.7 

5.0 

5.20 ± 0.6 

0.88 zb 0.08 

4.7 

5.07 zb 0.6 
0.905 zb 0.075 

(3 p,m = =Ll)-(2p,ra zb 1) 
2s(5)-(2p,m = 0) 

3.0 =b 0.15 
~2 

3.1 

3.25 =b 0.08 
~2.4 

3.4 

3.45 =b 0.075 
2.69 ± 0.06 
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Table 10.9. Calculated and Observed Energy Level Spacings of Acceptors 

in Units of 10 -3 ev 

Calculated 


AE 

B > 0 

B < 0 

Observed* 

2p 2 -2p 1 

4.3 

4.0 

3.81 

2p 3 -2p 2 

2.9 

2.8 

4.69 

2p 4 -2p 3 

2.0 

1.5 

1.10 


• Average Values 

the (2p,ra = ±1) and (2 p,m = 0) levels for all donors agree with the 
calculated value within the estimated error of the calculation. The agree¬ 
ment is almost as good for the (3p,ra = ±1) — (2p,m = ±1) and the 
3p,m = 0) — (2p,ra = dhl) separations. It is clear that the effective mass 
formalism gives a remarkably good description of these p-type states of 
donor impurities. This agreement is a major triumph of the theory. 

(2) Of special interest is the (3p,ra = 0) level which was predicted theo¬ 
retically to lie very close to the (2p,ra = d=l) level. The (Is) —> (3p,m = 0) 
transition should also be very much less intense than the (Is) —» (2p,m = 

^ g2 

zkl) transition. These bands have recently been resolved for bismuth and 
arsenic. 90 Figure 10.19 shows that the (Is) -> (3p,m = 0) band is very much 
weaker than the (Is) —» (2p,m = ±1) transition. These bands also lie 
extremely close together. Both observations are in agreement with theo¬ 
retical expectations. 

In the absence of calculated results for higher excited states no definite 
assignments can be made for the two absorptions bracketing the (Is) —> 
(3p,ra = ±1) transition. 

The very weak bands which occur at 501.7 cm 1 for bismuth and about 
366 cm -1 for arsenic appear to be associated with these centers. These 
bands have been assigned as transitions from the nondegenerate Is ground 
state to the fivefold approximately degenerate 2s levels. In the effective 
mass approximation this transition is forbidden. However, the 2s(5) levels 
apparently have a small amount of p-character which increases the prob¬ 
ability of this transition. The agreement between the observed and calcu¬ 
lated separations of the 2s(5) levels from the 2 p,m = 0 levels is reasonable 
when we consider that the separation of the s-type states is a minor break¬ 
down of the theory and that the energies of the 2s(5) levels can only be 
roughly estimated from theoretical considerations. In principle the lower 
energy transitions from the ls(l) state to the ls(5) states should also be 
observable. 

For p-type impurities we encounter a much more difficult situation be¬ 
cause of the uncertainty in the calculated results. Furthermore, the spectra 
of acceptors are less consistent than those of donors, indicating that factors 
not considered by theory are more important in this case. These observa- 
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tions are reflected in Table 10.9 which compares the average observed spac- 
ings and the values calculated for both signs of B. The general similarity 
of the spectra of acceptors agrees with theoretical expectations, but the 
deviations between different acceptors are well outside the combined 
theoretical and experimental errors. 81 

It should be remembered that the effective mass formalism is in good 
agreement with the results of many other experiments. The studies of the 
spectra of shallow impurities in silicon show that it permits a quantitative 
interpretation of the excited states of donors and a less exact interpretation 
of excited acceptor states. The major failure of the theory is its inadequate 
description of the ground state of an impurity center. Less serious, since 
many parameters are uncertain, is the lack of quantitative agreement for 
the separations of excited acceptor levels. Similar calculations have been 
performed for both donors and acceptors in germanium. Although there is 
reason to expect closer accord between theory and experiment in this case, 
complete experimental results are not yet available. 

Optical Ionization Energies 

The theoretical spacings of the (2 p,m = 0), (2 p,m ± 1) and (3 p,m = ±D 
donor levels from the conduction band edge are given in Table 10.6. Addi¬ 
tion of these separations to the experimental energies of the corresponding 
transitions from the ground state (listed in Table 10.5) gives values of the 
optical ionization energy, E 0 . The results obtained for acceptors in a similar 
manner are identical with the observed energies of the highest transitions 
within the error of the calculation. In view of the uncertainty of the calcu¬ 
lated values we use this observed energy as an approximate value for E a . 
These results and the average values for donors are compiled in Table 10.10 
along with the thermal ionization energies, E T . Since optical measurements 
give a detailed knowledge of the composition of a sample, the absorptions 
of unwanted impurities are readily identified and do not interfere with the 

calculation of the ionization energy. As a result values of E 0 are more cer- 
tain than those of E T . 

Table 10.10. Optical and Thermal Ionization Energies in Units of 10 -3 ev 


Element 

Eo 

Et 

B 

43.85 

45 

A1 

68.5 

57 

Ga 

72.3 

65 

In 

155.4 

160 

P 

45 

44 

As 

53.7 ± 0.3 

55 =fc 1.0 

Sb 

43 

39 

Bi 

70.6 db 0.3 

69 
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Fur phosphorus, bismuth, boron and indium E 0 and E T agree within 1(T 3 
E r ranges from 46 X 10 3 ev to 56 X HT 3 ev for arsenic. 92 Although the 
-^et reproducible value is 49 X 10 3 , the higher results were obtained for 
aghly compensated samples. In this situation donor levels closer to the 
conduction band are ionized over the whole temperature range investigated 
ind it is more likely that the true value of E T is observed. Values of E T = 

90 ± m' 0 ev have been obtained several times under these circum¬ 
stances. These results are in good agreement with E 0 for arsenic. Since 

taere is no reason to expect peculiar behavior for antimony, the dis- 

.*epancy in this case apparently is not real. The lower values of E r for 

“ an <J gallium have been attributed 79 to boron contamination. 
Thus A 0 and E T seem to agree within 10 3 ev for samples which contain no 
appreciable concentration of unwanted impurities. 

Indium has an ionization energy of 0.16 ev, more than double that of any 
-her shallow impurity center observed by infrared absorption. Shulman 94 
his proposed an explanation for this high value of E 0 which is based on the 
additional binding energy acquired when a hole is ionized. The theory 
qualitatively accounts for the value of 0.16 ev. However, it is apparent 
-om the variation of E 0 for donors, for which the bond structure remains 
unchanged on ionization, that other important factors must be included in 
«ny quantitative description of the ground state. In spite of the fact that 

f\ LS so b *g h for indium, the effective mass theory describes the excited 
states of this impurity as well as those of boron. Other factors which must 

be incorporated in a more exact interpretation of the experimental results 

^ mwu d f t0rtl0n of the lattice in th e proximity of the impurity atom, 
and (2) the departure of the potential from the simple coulombic form in 

-his same region. Some indication that the coulombic potential is a good 

approximation even for calculation of the ground state energy is obtained 

-rom the similarity of E 0 for aluminum and gallium. Both elements have the 

same tetrahedral radius and the ionization energies differ by only five per 
cent. 

Deep Levels 

Many atoms such as gold and zinc occur in several different states of 
ionization. Usually one of the corresponding levels is close to the center of 
the forbidden energy gap. No excited states have yet been observed for 
mch impurities. In these centers the electron is tightly bound to the parent 
atom, and the orbital extension is quite small. Since the spatial variation of 
the wave function is quite rapid, the effective mass formalism is not appli¬ 
cable. In addition, the electron spends most of the time near the nucleus in 
a region of complicated potential energy. These impurities are poorly under- 
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stood and little is known of them other than the energies of the different 
states of ionization which are discussed in Chapter 8. 


ELECTRICALLY INACTIVE IMPURITIES 


The purity of a semiconductor is usually obtained from measurements 
of the Hall effect or conductivity. Such results provide information only 
about ionizable impurities. However, vacuum fusion analyses of pulled 
crystals of silicon and germanium indicated 90 that these materials contain 
sizeable concentrations of hydrogen and oxygen. 96,97 According to Reiss * 
hydrogen in silicon presumably exists as nonionized interstitial atoms, 
which have no observable effect on electrical or optical behavior. On ths 
other hand, oxygen, while electrically inactive in the crystals as grown, 
produces complicated electrical changes after various heat treatment.' 
Ihe concentration of oxygen is of the order of 10 18 atoms/cm 3 and is 


strongly dependent on the growth conditions. 


97, 99 


Several absorption band- 


observed in silicon have recently been identified as silicon-oxygen vibra- 

• 96 99 100 ^ ® 

tions. ’ ' One band occurring at 1106 cm 1 has been correlated with th-r 


oxygen concentration (determined by vacuum fusion analysis) by Kaiser 
et al . 97 Another band at 515 cm -1 has been shown by Lederhandler 1 " t • 
vai T markedly with the manner of growth of the specimen. For silico* 
crystals containing oxygen enriched with O 18 , isotopic shifts have been 
observed lor both bands. 99 This is conclusive proof that these absorption- 
are directly associated with oxygen in the silicon lattice. Figure 10.21 iT 



WAVE NUMBER (CM -1 ) 


Figure 10.21. Absorption coefficient of the 1106 cm" 1 and 515 cm" 1 silicon oxye-i^ 

bands at several temperatures for a crystal containing oxygen enriched with 12 v 
cent O 18 and 1 per cent O 17 . 
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’ustrates the behavior of these bands at different temperatures in a sample 
containing oxygen enriched with about 12 per cent O 18 . Another weaker 
nsygen absorption also occurs at 1205 cm -1 . 

The observation of three absorptions suggests a nonlinear Si-O-Si con- 
zguration, in agreement with the structure of quartz and organic siloxanes 
Thich also have a strong absorption near 1100 cm -1 . Although the infrared 
properties do not permit an unambiguous definition of the structure, 

reral observations are in agreement with this model: 

• • # 1 0 • • 

(1) The expected ratios of the intensity of a Si-0 vibration to that of 

'he corresponding Si-O 18 vibration is 7.2 for a sample with the isotopic com¬ 
position given above if there is only one oxygen atom in the smallest unit 
containing all the Si-0 bonds. For two oxygen atoms bonded to a silicon 
atom this ratio becomes 3.6. The experimental results give a value very 
dose to 7.2, indicating that the isolated unit contains only one oxygen atom. 

(2) The force constants and bond angle of a Si 2 0 “molecule” have been 
calculated from the frequencies of the three observed vibrations. For this 
imputation the 1106 cm^ 1 band was interpreted as the antisymmetric 
stretching motion, v-s . The 1205 cm -1 and 515 cm -1 bands were interpreted 
is the symmetric stretching and bending motions, v\ and v 2 , respectively. 101 
Neglecting for the present the fine structure in the 1106 cm -1 band, the 
value obtained for the Si-0 stretching force constant is 7.2 X 10 ;> dynes/cm. 
A value of 5.5 X 10'’ dynes/cm has been estimated for this force constant 
from the spectra of organic siloxanes. When we consider that all the re¬ 
straints of the lattice which oppose this motion are absorbed in the calcu- 

ted value, the agreement is quite reasonable since these restraints tend 
to make the calculated value somewhat higher than the true force constant. 

(3) The isotopic shifts calculated for an assumed Si-O-Si angle of 110° 
ire also in reasonable agreement with experiment. Although the isolated 
nonlinear Si0 2 “molecule” is a rough approximation, this model gives much 
more plausible results for the isotopic shifts and force constants than does 
i rigid lattice approximation in which only the oxygen atom is free to 
vibrate. 

The 1106 cm -1 band has a most unusual temperature dependence as indi¬ 
cated in Figure 10.21. With decreasing temperature the maximum absorp¬ 
tion continually increases and shifts to higher frequencies. This behavior 
continues until a second absorption is resolved at about 120°K. At still 
lower temperatures other peaks appear, and at about 45°K three separate 
maxima are observed at 1135.5 cm -1 , 1127.9 cm -1 and 1121 cm -1 . The 
1135.5 cm -1 peak increases linearly with decreasing temperature down to 
to 4.2°K, while the other two peaks attain maximum values and then de¬ 
crease as the temperature is lowered further. This temperature dependence 
indicates that for a particular oxygen configuration only one band can be 
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Figure 10.22. Room temperature absorption of various silicon samples in tb* 
1100 cm -1 region. 

interpreted as a Si-0 stretching vibration. Although no definite explanation 
of this fine structure has been proposed, it has been suggested" that t 
position of the oxygen atom is slightly temperature dependent. Several 
very slightly different positions with populations varying with temperature 
could easily give rise to the observed results. 

In addition to providing evidence about the configuration of oxygen in 
silicon crystals as grown, the 1106 cm -1 band has given information abom 
the effects of heat treatments on the oxygen configuration. Figure 10 J_ 
shows the spectra in this region for a crystal prepared by the floating zoo£ 
technique (a), a crystal pulled from the melt without rotation (b), omm 
pulled with rotation (c), and the effects of prolonged heat treatment 
1000°C on sample (c). The oxygen contents determined from vacuum fusnj 
analysis are <10 15 cm 3 , 3.5 X 10 1 ' cm -3 , and 8.5 X 10 1 ' cm -3 for sampi*t» 
(a), (b) and (c), respectively. Heat treatment at 1000°C reduces the in¬ 
tensity of this band indicating that the oxygen has rearranged in a manHV 
which decreases its infrared activity. Kaiser 102 has shown that this resir- 
rangement is a clustering of oxygen atoms to form an Si0 2 phase, whidU 
has been detected by Rayleigh scattering from the resultant Si0 2 cluster. 
Other measurements of the 1106 cm -1 band at low temperatures verify 
observation, and permit an estimate of the heat of reaction of the precipnd 

• 103 1 • • • • 

tion process. From the discussion above it is clear that the fine struct** 



INFRARED ABSORPTION OF SEMICONDUCTORS 


477 



Figure 10.23. Variation of the 4.2°K absorption of oxygen in silicon after heating 
•° equilibrium at the temperatures shown. 

of this absorption is associated with dispersed or dissolved oxygen. At 4.2°K 
* sample heated until equilibrium is reached at some temperature near 
1000°C shows the fine structure superimposed on a very broad band arising 
from the presence of clusters of Si0 2 . The results of measurements taken 
After heating at three different temperatures are shown in Figure 10.23. 
Taking the integrated absorption of the fine structure as a measure of the 
iis.>olved oxygen concentration, we obtain the dissolved oxygen concentra¬ 
tion as a function of heating temperature. 103 A plot of log (oxygen concentra- 
-:on) versus T 1 gives a reasonably straight line whose slope gives about 20 
keal/mole for the heat of the reaction 

n Si 2 0 = IfSiO 2 ) n + #(Si) n . 

Theoretically, lattice vibrations involving other impurities such as boron 
r phosphorus should also be observable. A similar situation exists for ion 
:«airs (see Chapter 5). However, no absorptions attributable to ion pairs 
:r other impurities have yet been observed. 



478 


SEMICONDUCTORS 


PHOTOCONDUCTIVITY 

Absorption processes, which are generally better understood than photo- 
conduction, have been useful in furthering our knowledge of semiconductor; 
materials. However, there has been considerable interest in the photo- ; 
conductivity of semiconductors. A great deal of this has been of a practical 
nature concerning such devices as the solar battery, infrared detector?, 
photodiodes and phototransistors. Two fundamental processes produce an 
increase in conductivity. The creation of electron hole pairs by absorption 
of photons with energy greater than E G results in conduction by both elec¬ 
trons and holes. The ionization of impurities by photons of energy great-- 
than the impurity ionization energy gives conduction by a single carrier. 

Photoconductivity of impurities can be observed only at temperature- 
low enough so that most carriers are frozen out on the impurity center-. 
Since the excited levels of an impurity atom are also bound states, these to 
not contribute to the photoconductivity. Usually the onset of photoconduc¬ 
tivity occurs over a moderately wide energy range. As a result, it is difficuk 
to obtain ionization energies from such measurements, and other method* 
are considered more accurate. For the impurities with low ionization ener-: 
gies, absorption measurements provide a great deal more information, in¬ 
cluding reliable values of E 0 . Other impurities have not been observed y 
absorption, because of their low solid solubilities and apparently sin*® 
absorption cross sections. Many of these have multiple ground state lev-^d 
which have been observed by photoconductivity. However, values of £- 
obtained from Hall effect measurements are considered more reliable. 

Reviews of photoconductive processes are given by Burstein et al. 2 and 

Moss. 104 
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CHAPTER 11 


RECOMBINATION AND TRAPPING 

R. G. Shulman 

INTRODUCTION 

Recombination and trapping in semiconductors arise from nonequilibrium 
distributions of mobile carriers. These descriptive classifications, while 
not logically exclusive, still do reflect major regions of experimental in tens* 
When nonequilibrium concentrations of carriers are present one is inte- 
ested in the rate at which they recombine and thereby approach equiiir- 
num, as well as the mechanisms involved. Also of interest are any interac¬ 
tions such as trapping events or light emission which may occur befor- 
recombination destroys the carriers. These phenomena usually are asso¬ 
ciated with interactions between mobile carriers and crystalline imperfec¬ 
tions. Imperfections may be structural or chemical and are the sites a 
discrete electronic energy levels. The methods of measuring these effect- 
are quite sensitive. For example, in 10 ohm-cm silicon it is possible to deter 
the presence of as few as 10“ traps per end with a commercial ohmmetr 
and a two-cell flashlight. This dependence of the measurements upon smZ 
concentrations of centers and hence small concentrations of imperfection 

has resulted in these properties, trapping in particular, being difficult v 
understand chemically in a great many materials. 

In this chapter we consider trapping and recombination of minorij 

carriers and endeavor, when pertinent, to show the relations between tfa 

different phenomena. The related subject of luminescence is mention 

only to the extent that certain aspects are closely related to minor-r 

carrier recombination. It is not possible to cover these subjects thorough 

in this chapter because of the space limitations. Rather it is planned -» 

discuss typical mechanisms and some details and to point the way to imr- 
exhaustive reports when generally available. 

RECOMBINATION 

When electron -hole pairs are generated in semiconductors so tfaj 
nonequilibrium densities are present they will recombine, resulting iTj 
mutual annihilation, and approach the equilibrium distributions. TV I 
rates of recombination have been measured and, in many instances m I 
be described by an exponential decay law. In this event the time const*** I 
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Figure 11.1. Some mechanisms for the recombination of holes and 
i After Burton et al. 6 ) 


electrons 



the minority carrier decay is called the lifetime. In the cases which we 


-hall 

-hall 


terchangeably with the recombination rate. 

In Figure 11.1 three different recombination mechanisms which have 




^ented. In Figure 11.1(a) the direct recombination of an electron and hole 
>; pictured. For small injected carrier densities the approach to thermal 
equilibrium is a first order reaction of the form 


d(n — no) 
dt 


(n — n 0 ) 


( 11 . 1 ) 


or 


bn = bnoe 


-tlT 


( 11 . 2 ) 


here n is the instantaneous concentration of electrons, no the equilib¬ 


rium 


the lifetime, bn 


n 


no , and 5n 0 is the initial 
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value of 8n at t = 0. The direct recombination process shown in Figure 
11.1(a) is only rarely responsible for the lifetimes observed in semicon¬ 
ductors. However the exponential decay law, which is not a unique prop¬ 
erty of the direct recombination process, is frequently followed r t 
recombining minority carriers with considerable accuracy. The direr 
process is usually not responsible for observed recombination rates b-- 
cause it is too slow and it is readily short-circuited by recombinati 
through centers. As proof, in germanium and silicon observed lifeti 


depend upon crystal growth conditions, impurities and heat treatment* 
while the direct recombination of electrons and holes should not be st 
ture-sensitive. 

To understand why the rate of direct recombination is limited we nr 
consider the rate-limiting process, which is the dissipation of the energy 
liberated when recombination occurs. This energy may be radiated or 
may be dissipated as heat to the crystal lattice. Van Roosbroeck 
Shockley 1 have investigated radiative recombination in germanium 
have predicted lifetimes of several tenths of a second from this pr< 
alone. In their calculation the principle of detailed balance is used 
conjunction with the measured optical absorption to evaluate the rate 
optical emission. The absorption of the recombination energy by 
phonons of the lattice has not been calculated. In essence the requirenr 
to be met are that the phonons absorb both the energy and the moment 
of the initial electronic state. It can be shown that the highest energ 
phonons in silicon and germanium can dissipate approximately one 
of magnitude less energy than is released during a recombination. Tb 
fore many phonons must be involved and a cooperative multiph 


pin 


r 

[ a 




process is not an efficient mechanism. In general, it may be said at 
recombination energies that the smaller the energy to be dissipated, 
fewer phonons will be involved and the more rapidly the process 
occur. Bess 2 has shown that an Auger-type process may occur when 
carrier is captured by a center with the emission of a carrier whose ener. 
is rapidly dissipated. This kind of mechanism might help explain the 
dissipation of recombination energies by centers. 

In Figure 11.1(b) the recombination of electrons and holes at a sun 
is illustrated. Recombination at a surface is treated in more detail 
Chapter 16 and for our purposes may be considered a specific case 
Figure 11.1(c), i.e., recombination at a center. Here the centers, pict 
all at one energy level in the forbidden gap, are considered to exist in ei 
of two electronic states. A center containing an electron must be free 
lose that electron by capturing a hole. The hole once captured c res 
the second state of the center. In addition to existing in two diff 
valence states a recombination center must have access to both the 
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(a) 


(b) 


Figure 11.2. Schematic energy level diagram for recombination centers and trap- 

1 - cen ters. The arrows on the left indicate that recombination centers can inter- 

inge electrons freely with either conduction band or valence band. On the right 

arrows indicate that an electron trapping center interchanges electrons only with 
i conduction band. 


be 


- .——J wc piuturtJ a IC- 

bination center and contrast it with a trapping center shown in Figure 
.1.2(b). During recombination an electron from the conduction band may 
captured by the center. If this electron is now captured by a hole from 
Ihe \alence band, resulting in a mutual annihilation, a recombination has 
axurred. However, if the electron is released by the center back to the 
duction band where it originated then the process is a trapping event, 


j 

stilv 


- — v/vx x vy U vy\_4. 

lectronic level in the forbidden gap which has a high probability of ex- 
•hanging carriers with both bands. Furthermore we can see from this 
Ascription and from figure 11.2 that if the rate constant for capture and 
release of either carrier is reduced then a recombination center as in Figure 
11.2(a) will change to a trapping center as shown in Figure 11.2(b). 

Hall, and Shockley and Read have derived the relation between the 
Retime of injected carriers and the recombination center properties 


T P0 (n 0 + nj) + t 


no 


(po + Pi) 


Wo + Po 


(11.3) 


vhere E t is the energy level of the recombination centers, r„„ and are 


■onstants, and 


m - N c exp (E t — E c )/kT 
Pi = N v exp (E v - E t )/kT, 


(11.4) 


. rom these definitions it can be seen that n\ and p\ correspond to equilib- 
r.um electron and hole densities when the Fermi level is at E t . It is assumed 
the derivation of Eq. (11.3) that the injected carrier density is small 

1 I / • \ / » 


con 


‘ “ ■ “/ / — \ir * I f'U/ VXXV 1 V/ 

combination centers is so small that their effects upon the carrier concentra- 
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tions can be ignored. From Eq. (11.3) it can be seen that for low resistiv 
n- and p-type material (n 0 and p 0 very large, respectively) the lifetime 
approaches the values of t pq and r no 


These values are related to the c: 
section for capture of an electron by the empty recombination center, A 
or to the cross section for capture of a hole by the filled center, A p , 
the expressions 


1 


no 


N t (vA n ) 


and 


(11 


1 


p 0 


Nt(vA p ) 


c 


where N t is the density of centers, v is the thermal velocity of the elect 
or holes, and (vA) is an average of vA over the states of the band, 
average is required over the occupied states of the band because in princ; 
both v and A may be functions of the electronic state. In this way when 
oncentration of recombination centers is known one can calculate 
average cross section for capture by the center from the measured \ 
of lifetime. Eq. (11.3) shows that fora fixed density and type of recom 
tion center the measured lifetime is a function of the carrier concentra 
In order to see how the rate limiting step varies with carrier concentra 
we will assume that the recombination centers are located in the u 
half of the forbidden gap, i.e., E c > E t > E { and Ui » pi where E { is 
sentially the center of the gap. 

For n-type material where n 0 » (po + Pi), Eq. (11.3) reduces to 


V 0 


1 + 



(1 


In extremely low-resistivity material where n 0 » n\ this expression 


comes 


1 


P 0 


N t (vA p )' 


(11 


In this case the rate limiting step for recombination is the capture by 
center of a hole. There are many electrons available to recombine 
the hole once captured. Furthermore, as long as n 0 » n x the Fermi 
is above the recombination centers, all the centers are filled with el 
and all are available to capture holes. However, as the Fermi level 
down towards E t and consequently n 0 approaches ri\ more and more of 
centers do not contain electrons and are not able to capture holes, 
fore the efficiency of recombination decreases or the lifetime in' 
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~ the resistivity increases, because the number of centers filled with 


electrons 


-he situation which applies to high resistivity n-type material, where 


• i » n 0 and 


p 0 


ru 

n 0 


p 0 


exp 


E 


kT 


E,y 


( 11 . 8 ) 


In p-type material, Eq. (11.3) reduces to 


Tn Q + T 


P 0 


ni 

Po 


T n o r P 0 ^Xp 


(E t + E f - 2 Ei) 

kT 


(11.9) 


ance 


r.iaterial 


it is in heavily doped n-type material. For this case all the centers are 


em 


-s-hile an electron once captured recombines rapidly with one of the abun- 
iant holes. The lifetime is then 


no 


Nt(vAn) * 


( 11 . 10 ) 


.Vs the p-type resistivity increases one reaches the point where rii/po is no 
longer negligible and two terms influence the lifetime. The first is still 
r« 0 , showing that the rate of electron capture by the empty centers is still 
important, while the second term shows that the mobile hole concentra¬ 
tion has decreased to the point where an electron once captured does not 
-ecombine immediately but may be re-emitted and recaptured many 
times. It should be mentioned that the particular asymmetric behavior as 
the Fermi level crosses E { is a consequence of assuming E t > E t . 

Chemical Origin of Recombination Centers in Ge 

The above model of recombination via centers has been shown by 
Burton, Hull, Morin and Severiens 3 to be an accurate description of the 
action of copper and nickel when present as dilute impurities in germanium. 
To date, this investigation of the effects of copper and nickel upon lifetime 
m germanium is the most definitive proof that the recombination through 
a center is actually the mechanism in a semiconductor. In addition, from 
a chemical viewpoint these authors have established these two impurities 
is recombination centers and have determined their relevant electrical 


properties. 

In Figure 11.3 are shown their results for copper in germanium. The 
upper curve, drawn to fit the triangles, represents a best fit of Eq.(11.3) to 
the lifetimes measured in the pure germanium crystals used as controls. 
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RESISTIVITY IN OHM-CENTIMETERS 



n 0 , ELECTRON CONCENTRATION 


Figure 11.3. Lifetime vs. electron concentration for germanium crystals: triangk- . 
only Sb or In added to the melt; circles, 30 mg Cu plus Sb or In added to the meh; 
squares, copper introduced by diffusion at 590°C. The curves were calculated U'lut 
the parameters listed in the text. (After Burton et al. & ) 


Values of several milliseconds, which are the longest lifetimes shown 
Figure 11.3, have been reported by different investigators as the lifet 
obtained in the purest germanium crystals available. The lower curve 
a best fit of the measured lifetimes shown by open circles and squares, 
open circle represents the measured lifetime of a germanium cry: 
grown with a copper concentration in the melt necessary to give 3.6 X 1 
atoms/cm'* of copper in the crystal. The squares represent the lifetime 
samples where this copper concentration was obtained by diffusing co 
into the germanium. Within experimental error the lifetimes are 
pendent of the means by which the copper was introduced. The solid c 
drawn as a best fit of the experimental points is an expanded form of 
(11.3), which includes effects from the finite concentration of recombina 
centers N t . In this approximation, the Shockley-Read expression for 

lifetime is 









T Po (n 0 + Til) + T no (p 0 + Pi) + a 

AA I AA I X X 


n 0 + po + b 

where the effects of finite concentrations of centers are shown in 
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1 “ discontinuity of the solid curve at the point n 0 = p 0 reflects the dis¬ 
continuity in a at that point and agrees with the experimental points. 
\ -lues of parameters used in the solid curve are N t = 3.6 X 10 14 cm -3 , m = 

- i X 10 12 cm 3 , A„ = 0.1 X 10~ 16 cm 2 and A p = 1.0 X 10~ 16 cm 2 . Meas- 
irements of this sort are not capable of distinguishing between n x > p x 

■< n, < pi , i.e., whether the centers are in the upper or lower half of the 
: jrbidden gap. In this case the copper centers have been assigned to the 
• er half so as to coincide with the deep lying copper acceptor level found 
\v Hall effect measurements at —0.3 ev from the valence band and just 
slightly below E ». The density of centers, N t , was based upon the assump- 
uon that each copper atom in the solid contributed one recombination 
renter. Copper densities were determined by radioactive tracer measure¬ 
ments and Hall measurements as described in Chapter 8. 

In addition to this detailed description of the copper recombination 
renters Burton et al. made similar measurements on nickel-doped germa- 

— mi. 1 hey determined capture cross sections for nickel to be >40 X 10 -16 

ra and 0.8 X 10 16 cm -2 for holes and electrons respectively. These 

values are about an order of magnitude larger than the corresponding 
values for copper. 

Lifetime investigations have been extended to manganese, 6 iron 7 and 
wbalt in germanium by subsequent studies. However, these studies have 
not been carried beyond the qualitative conclusion that all the impurities 
•f the iron group which have been added to germanium accelerate the 
recombination rate to a certain extent. For gold in germanium 9 results 
“ 0 b een reported which indicate that the capture cross sections vary 

with the state of ionization of the gold atom in both n- and p-type materials. 

Crystalline Imperfections as Recombination Centers in Ge 

Dislocations have been shown to introduce recombination centers into 
germanium crystals. Lineage boundaries were shown by Vogel, Read and 
Lovell 11 to be regions of rapid recombination. Okada 12 has shown that the 
volume lifetime measured in germanium depends upon dislocation densities. 
The more nearly perfect crystals had the longer volume lifetimes while 
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the plot of 1/r vs. dislocation density was a straight line. Kurtz, Kulin 

23 

and Averbach have shown that changing the growth rate can change tK 
efficiency of recombination by an order of magnitude. This they attribu*- 
to the different density of precipitated impurities in the region of the 
dislocation. McKelvey 14,15 has measured recombination rates at lineage 
boundaries and estimates that lifetime should be limited to a few milli¬ 
seconds by dislocations in the purest germanium crystals. 

In a different series of experiments Gallagher 16 and Pearson, Read ai»c 
Morin 17 showed that if in the course of plastically deforming germani 

7 • • • 

10 dislocations per square centimeter are introduced, then the lifet 
is reduced below 1CT 6 seconds. Wertheim and Pearson 18 have studie; 
recombination times in plastically deformed n- and p-type germanium. I: 
p-type germanium they determined the cross section for electron capt 

In the absence of faster recombinati 
paths they show that the room temperature lifetime is given by t 
0.7 X N<T l where Nd is the density of dislocations per square centimet 


to be 3.6 X 1(T 15 (300/ T ) 6 cm 2 


In a similar fashion they determine that in n-type material 


p 


2.5 X 


N d ~ . These values agree within a factor of two with the calculations 
McKelvey 14 based upon recombination at lineage lines. 

In n-type material the analysis is somewhat complicated by the presei 
of space charge cylinders around the dislocation lines. These arise from 
“dangling” bonds along the dislocations which act as acceptors and thei 
create a region of negative space charge. The reader is referred to 
thorough analysis by Read 19,20 and to Chapter 12, for more details. 

It has been shown 21 that by bombarding germanium with high en* 
particles the lifetime is reduced. By examining the short-circuit c 
of photovoltaic cells, Loferski and Rappaport 22 measured a quantity w 
depends upon the lifetime. They were able to show that the recombina 
rate, 1/r, was directly proportional to the time samples were bomb; 
in a high energy Van de Graaff and therefore presumably proportion:!: 
the amount of radiation damage. 


Recombination in Silicon and InSb 


Experiments have indicated that gold/ 3,24 copper 20 ’ 26 iron 25 and mai 

27 # ••• • 

nese introduced as impurities into silicon crystals reduce the lifet 
Bemski 24 has shown that the gold donor level acts as a recombination 
in p-type silicon with a capture cross section for electrons of 4 X KT 1 * 
at 300°K. In n-type silicon, the gold acceptor level acts as a recom 


2 X 


1 A ^ 

10 c: 


tion center with a capture cross section for holes A p = 

* m 26 

300°K. Bemski and Bridgers have measured the capture cross section 


electrons by copper atoms in silicon to be ^10 14 cm 2 . The addition of 
to a silicon melt reduces the lifetime and the capture cross section for t* 4 
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em while the capture cross section for electrons is > 15 X 
Wertheim has measured the capture cross section for holes by 
hum in p-type silicon at room temperature to be ~1CT 14 cm 2 . 

Quenching 29 ' 30 rods from temperatures above 400°K and electron bom¬ 
bardment both introduce recombination centers in silicon. Since lifetimes 
determined by very low concentrations of recombination centers the 
nange of lifetime with crystal damage is a sensitive measure of the amount 

,. ; ! mnge and additional investigations of loss of crystalline perfection 
ny lifetime studies should be fruitful. 

Direct measurements of the lifetime in indium antimonide have been 
made by Wertheim, ‘ using fast pulses from a Van de Graaff. Lifetimes 

m n " and p " type InSb from room temperature down to 
~1.30 K. The results could be explained by assuming the lifetime to be 

determined by recombination at centers at the lower temperatures. At 
the higher temperatures, where InSb is in the intrinsic range, an additional 
contribution to the recombination rate was attributed to the effects of 
direct recombination. The direct recombination limited the room tempera¬ 
ture lifetime to several tenths of a microsecond just below room tempera¬ 
ture. Direct recombination is more important in InSb than it is in silicon 
or germanium because of the smaller energy gap. 

Temperature Dependence of Lifetime 


As shown above, the Hall-Shockley-Read 3 ’ 4 model of recombination via 

i i 1 * 1 * 1 * i ^ on process in semicon- 

doctors like silicon and germanium. The temperature dependence of meas¬ 
ured lifetimes also seems to be explained by this model although because 
many measurements have been reported on samples of unknown compo- 
-ition it is not always possible to interpret the results. In Eq. (11.3) it can 
be seen that certain terms have a temperature dependence which can be 
measured independently. These are the equilibrium carrier densities n 0 
and p 0 , and the thermal velocity of carriers. If the energy level of the 
recombination center has been determined from previous measurements 
then m and Vl also are known functions of the temperature. However, 
this is usually not the case in the experiments which have been performed.' 

mally the capture cross sections for electrons or holes may depend upon 
temperature. 1 his last has been shown to be the case for copper 33 and nickel 34 

m germanium by Baum and Battey and has been reported by Fan, Navon 
and Gebbie. 

1 i- 1 * * 1 f T acceptors are com¬ 

pletely ionized (the “saturation” region), the majority carrier concentra- 

tion remains constant and the minority carrier concentration is a known 

function of temperature. This is the temperature range to which most 
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Figure 11.4. (a) Typical variation of lifetime in germanium with temperature il¬ 
lustrating how as the temperature decreases the lifetime decreases. The circles 
data taken for n-type germanium, (b) Variation of lifetime with temperature 
high-resistivity copper-doped p-type germanium showing how as the temperature 
decreases the lifetime increases. (After Baum and Battey. 33 ) 


lifetime measurements have been limited by experimental considerations. 
If we choose as an example the lifetime in high resistivity n-type germani 
its temperature dependence is given by Eq. (11.8), where we continue 
to assume that ri\ pi. In the event that t po is independent of temperature, 
the measured lifetime should have the temperature dependence shown 'y 
the solid curve in Figure 11.4(a). The slope of this curve on the semik . 
arithmic plot reveals the activation energy of the recombination cen“ - - 
although because of the assumption made about Ui » pi , it is not uniquely 
determined whether this energy interval is to be measured from E e 
E v . Experimental results in general follow a curve of this sort in both 
and p-type material. Typical experimental results have been plotted 
this diagram. Baum and Battey have reported, however, that in cop] 
doped p-type germanium, electron lifetimes increase rather than dec: 
as the temperature is lowered. In order to contrast their results with t! 
usually found in n- and p-type germanium, their data for high resistiv 
p-type germanium have been plotted in Figure 11.4(b). They have 
tributed these results to a temperature-dependent cross section for elec 
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•^pture and have derived the temperature dependence. These results will 
discussed in more detail in the following sections to illustrate the con- 
ir^tion between trapping centers and recombination centers. 

Methods of Measuring Lifetime 

In order to measure the lifetime of a minority carrier, one must find some 
'•roperty of the semiconductor which responds, in a unique fashion, to 
minority carriers. Several properties have been found useful in this fashion. 
We shall consider first the methods based upon contributions of minority 
timers to the conductivity, and second those utilizing the unique behavior 
i minority carriers at rectifying junctions. In the first method one meas¬ 
ures the decay in conductivity as a function of time after injecting minority 
timers. The most common method of injection is a light pulse although 

35 

"oltage pulses,"’ and high energy electron pulses from a Van de Graaff have 
-o been used for this purpose. In order to illustrate the method we shall 
5rst discuss the decay of photoconductivity. 3 '' 38 
A typical experimental arrangement is shown in Figure 11.5. A short 
pulse of light illuminates the sample. Hole electron pairs are generated by 
•he light and as a result the conductivity of the rod is increased and the 
voltage across the rod is decreased. The sample is usually in the form of a 
rod, with current carrying electrodes at both ends. When the light pulse is 
• irned off, the carriers recombine toward their equilibrium concentrations. 
The corresponding voltage change is amplified and presented on the oscil- 
fc*scope. In order to present the maximum amount of information on the 
^cilloscope, it is necessary that the band width of the amplifiers be large 
enough to amplify the photo response without distortion. Any departure 
•f the recombination from a simple exponential decay curve can readily be 
observed in this method of measuring lifetime. For this reason the decay in 
photoconductivity is one of the more reliable methods of measuring life¬ 
time. However, the large band width required to pass all the information 
contained in the decay curves also passes a relatively large amount of 
-4ectrical noise to the oscilloscope. In order for the signal to rise comfortably 



Figure 11.5. Schematic diagram of photoconductivity apparatus. 
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above the noise it must be made as large as possible. To this end the in¬ 
tensity of the injecting light source must be as large as possible and the 
number of carriers originally present as small as possible. An additional 
requirement on the pulsed light source is that it must decay considerably 
faster than the fastest recombination rate one wishes to measure. These 
two requirements have led to the use of spark sources. 

Stevenson and Keyes 38 report using a high pressure xenon spark tube 
with a light pulse 0.1/i sec long. Geissler, Moore and Haynes 39 discuss 
high intensity argon spark tube with a decay time of less than one 
second. Rotating mirrors, chopping wheels, and Kerr cells have all b 
used to supply pulsed light. The first two, although capable of producing 
high intensity light beams, are limited to response times greater than one 
^-second. Although the Kerr cell can deliver very short pulses it cannon 
chop intense beams of light. The only satisfactory" source of electron-hok- 
pairs with pulse times as short as 1(T 8 sec is the pulsed Van de Graaf 
scheme reported by Wertheim and Augustyniak. 40 Pulses of 700 kev elec¬ 
trons are generated by gating the electron source in a 1 Mev, 25 /za hori¬ 
zontal Van de Graaff. In this manner electron pulses with rise and fal 
times shorter than 5 X 10 9 sec have been obtained and used to measure 
lifetimes as short at 10 8 seconds. The radiation damage is kept at a neg¬ 
ligible level by a small duty cycle. 

When the intensity of available light is limited, the injected ca 



concentration is often maintained at a high level by reducing the samp]* 
dimensions. This, however, has the effect of emphasizing the important* 
of the surface contributions to the measured lifetime. Up to this poirn, 
lifetime has been discussed as if it were a fundamental property of t hm 
specific semiconductor sample. However, if the sample dimensions are 
appreciably larger than the diffusion length of minority carriers then 
lifetime measured will be a function of sample geometry and surface c 
tion as well as of the lifetime in the bulk material. This was first analy 
by Shockley 41 and the highlights of his derivation are as follows: 

Let us assume the sample to be a rectangular parallelepiped with 
electric field applied along the x direction of the rod while the boundai 
are at y = ztR and z = ±(7. The continuity relation for minority 
written here on the assumption that the material is n-type is 




d<5 p 
~dt 


bp 


V 


n P E x + D p 

ax 


d 2 8p + d\p d 2 dp 


dx 2 


<¥ 


dz 2 


(11JS 


where t v is the bulk lifetime for holes, bp is the excess density of 
above the equilibrium value, E x is the electric field in the x direction, 
is the diffusion constant for holes, and p p is the hole mobility. One sol 
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this equation which will be of interest to us because its symmetry in 
z reflects the usual carrier distributions is 


e vt cos by cos cz 


(11.16) 


the coefficients b and c are fixed by the sample dimensions and the 
ace properties and where we have assumed constant hole density along 
x axis of the filament. Shockley treats the surface as if minority car- 
were disappearing at a certain velocity s, called the “surface recombi- 
ition velocity.” When a steady state is reached holes diffuse to the surface 
i‘ :he same rate that they recombine. For the two surfaces this means that 


v 


± s8p 


and 


p 


y=: 


z=±C 


zks8p. (11.17) 


By substituting Eq. (11.16) into these boundary conditions, we find the 
‘ptable values of the coefficients b and c to be determined by 


bB tan bB 


SJ 


cC tan cC 


(11.18) 


p 


p 


It can be seen from these equations that there are many solutions that 
- itisfy Eq. (11.18), but of these only the solutions in the ranges 0 < bB < 
t 2 and 0 < cC < ir/2 are usually sought and observed. The other solu¬ 
tions involving large values of bB and cC correspond to transient effects 
which describe the way in which the initial hole distribution settles down 
to an eigenfunction of the particular geometry. Substituting and rearrang¬ 
ing, a relation between the coefficients is obtained 


+ D p (b 2 + c) 


(11.19) 


p 


in which the larger values of b and c, corresponding to more rapid fluctua¬ 
tions of hole density across the filament, also correspond to shorter values 
of the filament lifetime 77 . The effects of three different values of surface 
recombination velocity s upon the steady state hole distribution are shown 
in Figure 11.6 where the cases of s = 0, sB/D p = ( 7 r/ 4) 2 and s = 


go are 



DISTANCE, y, ACROSS FILAMENT —>■ 

Figure 11.6. Variation of the density of injected holes across a filament as a func¬ 
tion of the surface escape velocity. (After ShockleyN) 
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pictured. In the first case it is clear that the gradient of hole density at the 
surface is vanishing, while in the third case the hole density at the surface 
goes to zero. The second case, corresponding to more realistic situations- 
is intermediate between the two extremes. Different chemical and me¬ 
chanical treatments produce widely varying values of surface recombina¬ 
tion velocity. In Chapter 16 where this is discussed in detail, it is correlate: 
with our present understanding of semiconductor surfaces. 

The different values of s will allow different transient distributions of 
minority carriers. In order to approach the steady state solutions which 
are of the form illustrated in Figure 11.6 as rapidly as possible, it is neces¬ 
sary to introduce the injected carriers uniformly across the filament. Th:~ 
is usually accomplished by filtering the chopped light so that only pene¬ 
trating radiation illuminates the sample. This is often done with a filter- 
made of the same material being studied. 

Haynes-Shockley Drift Method. The original experiments by Hayne- 
and Shockley 42 measured the decay of minority carriers as they drifted along 
a rod, under the influence of an electric field, from an emitter point to a 
collector point. The experiments, which were outlined in Chapter 1, are 
illustrated in Figure 11.7. An n-type germanium rod has ohmic contact- 
applied at the two ends and rectifying point contacts as indicated at tL- 
points e and C. The steady current I B produces an electric field which 
sweeps positive holes from e toward C. When the relay is closed the poin: 
at e becomes positive with respect to the germanium and it acts as aa 
“emitter,” injecting holes into the rod. These are swept toward point (. 
biased negatively, which consequently acts as a point contact collector. 
Holes at this point readily flow across the collector under the influence at 



Figure 11.7. Schematic diagram of a simple circuit used to measure mobility 
lifetime of injected holes and electrons. (After Valdes.* 3 ) 
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the 


-uie lesistance /ii small 

pared to the resistance of the point contact it is possible to present 

the oscilloscope a signal which reflects the hole concentration near the 

I_i_• j n . . ! . . « . . . 
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constant efficiency of collecting the holes at point C the height of the hole 
~.gnal on the oscilloscope will be a function of the recombination of the 

_•_ i 1 l mi . i 


holes 

eha 
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png the distance between e and C, or by changing the sweeping field. 

In still another method the sweeping currents are pulsed and by introducing 

ielays in the pulses the time interval between injection and collection may 

be varied. By changing the time delay before pulsing the sweeping field, 

>pitzer et al. showed how the lifetime could be measured in specific re¬ 
gions of the crystal. 

In order to illustrate the distances of travel for the minority carriers, 
msider typical experimental values. In a 5 ohm cm germanium rod with a 
cross-sectional area of 0.01 cm 2 , a drift field of 3 volts/cm will produce 
negligible heating. Hole mobilities being of the order of 1700 cm 2 /volt sec, 
hole velocities will be ~5 X 10 3 cm/sec, or it will take a hole 200 gsec 
to travel one centimeter. This means that for lifetimes of 100 ^sec, if the 
-mittei and collector are separated by 1.0 cm, the hole concentration will 
..:i\ e decayed to about one seventh of its original value which for reasonable 
emitter currents is a readily detected hole concentration. 

Measurement of Diffusion Length. Several different methods of 

determining lifetime depend upon measurements of the minority carrier 

diffusion length. In general, carriers are introduced in a particular region 

of a crystal and the steady state density of minority carriers is measured 

a:? a function of distance from the injection point. Determining the lifetime 

from this measurement involves a steady state solution of the diffusion 
equation 


dp 

dt 


V 


Vo 


+ D p V~p = 0 


( 11 . 20 ) 


which in one dimension yields a distribution of the form 


V ~ Vo = (v ~ Vo) i e xlLp 


( 11 . 21 ) 


w here (p Po); is the concentration of excess holes maintained at the 
point of injection and the diffusion length L p = V/V where D p is the 
diffusion constant and r the lifetime we wish to measure. 

One of the most widely used methods of measuring lifetime in germanium 
the determination of diffusion length by the Haynes-AIorton 44 arrange- 
..lent vhich is shown in figure 11.8. After one face of the crystal is ground 
flat and etched the crystal is mounted so as to expose the flat surface and a 
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Figure 11.8. Schematic diagram of Haynes-Morton equipment. 


point contact collector is placed on this surface. Light, in the form ot & 
thin ribbon, illuminates the surface. For sensitivity of detection the light 
is often chopped at a low audio rate and a narrow band amplifier used as a 
detector. The light is set at different distances from the collector by meai-S 
of a micrometer and the signal intensity is plotted as a function of t:.- 
distance. It is obvious that for long values of bulk lifetime surface effects 
will become important in this scheme. Solutions of the diffusion equation 
for this particular geometry, including effects of surface recombination, 
are available. 45, 46 This method has the important advantage of allowim 
measurements to be made on large crystals without cutting them int i 
smaller shapes such as rods. To this extent it is nondestructive and is 
often used for quality control in the production of germanium crystals 
a large scale. It is a particularly valuable method for germanium because 
of the ease of making good point contact collectors. One limitation of the 
method is that it depends upon collector current being determined coa.- 
pletely by minority carrier diffusion. Therefore, electric fields which miy 
be set up around the collector by a poor contact or by surface “channels* 
(see Chapter 16) can invalidate the results. 

The diffusion length has been measured in several different 
Goucher et aL 47 measured the photocurrent across a p-n junction with a 
light spot illuminating the material a short distance from the junctkmJ 
By plotting the logarithm of the additional current against the distance 
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of the light spot from the junction, the resulting straight line gave the 


•diffusion 


Respon 


forward direction, where <r p » <r„ . Most of the current will be hole current 
ind the hole concentration in the ra-type region will be greatest at the edge 
of the barrier region and will decay exponentially with distance from this 
point. Now if at a certain time t = 0 we reverse the voltage across the 
junction the hole concentration at the edge of the depletion layer in the 
-region immediately goes to zero. For our purposes the slight time lag 
for this to happen is negligible. Thus the initial distribution of carriers is 
determined and from this the rate of diffusion back to the junction can be 
calculated. It has been shown 48 that diffusion is the primary mechanism for 
carrier motion and current flow under these circumstances. Lifetime in the 
immediate vicinity of the junction can be determined from the measured 
current vs. time curves for t > 0. The lifetime is measured by fitting the 
decay curve to the theoretical value using r as a variable parameter. 

Another transient diode response is utilized in the double pulse experi¬ 
ments of Spitzer et aZ. 43 A point contact is made to a piece of germanium 
which may be almost any size and shape. A forward current pulse is applied 
and the injected current modulates the conductivity under the point. 
Successive pulses are applied to monitor the decay of this additional 
conductivity and the lifetime determined in this manner. It is similar 
to the Haynes-Morton method in that a minimum of sample preparation 

is required. 

The Photomagnetoelectric Effect. The Photomagnetoelectric (PME) 
effect was first observed 61 in cuprous oxide. It has lately been used to 
measure lifetime in germanium 52-64 indium antimonide and lead sulfide. 
In brief the PME effect can be described as the Hall effect arising from the 
diffusion current of injected carriers. In Figure 11.9 the principle of opera¬ 
tion is illustrated. Hole electron pairs are created at the upper surface by 
nonpenetrating light. They diffuse towards the opposite face while in an 
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Figure 11.9. Schematic diagram of photomagnetoelectric method of measuring 
minority carrier lifetime. (After Buck and Brattain , 82 ) 
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external magnetic field. The field separates electrons and holes and creates 
a potential V x which is analogous to a Hall voltage. This voltage is a sensi¬ 
tive measure 57 of the surface recombination velocity which determines the 
concentration gradients and hence diffusion lengths in the material. 1 ; or 
further details the reader is referred to several recent articles on the genera. 

subject of recombination. 58 

Radiative Recombination 

Previously we indicated that radiative recombination was not an impor¬ 
tant mechanism in minority carrier kinetics. However, it does occur, albert 
inefficiently, and the resulting radiation has been observed in silicon." 
germanium, 60-63 silicon carbide, 64 indium antimonide, 65 gallium antimonide* 
gallium arsenide, 65 indium phosphide 65 and germanium silicon alloys. 
Because of the inefficiency of the process (usually considerably fewer than 
one per cent of the injected carriers radiate when recombining), high in¬ 
jected carrier densities are required. These have been obtained by biasing 

p-n junctions in the forward direction. 

Haynes and Westphal 59 have investigated the radiation resulting from 
the recombination of electrons and holes in different samples of silicon a: 
different temperatures. At 77°K the emission measured from sample 
containing different impurities is shown in Figure 11.10. Considering the 



Figure 11.10. Effect of donors and acceptors upon the recombination radiation m 
silicon at 77°K. The maxima are labeled with the names of the corresponding « 
ments. (After Haynes and Westphal. 5 *) 
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?olid curve first, in which the sample contained a low concentration of boron 
as well as some background arsenic, it can be seen that an appreciable 
fraction of the radiation corresponds to 1.10 ev in energy. This is interpreted 
as being caused by transitions from valence band to conduction band. 
Intrinsic radiation ot this sort, however, is not the only kind observed as 
can be seen in the dashed curves. As the boron concentration is increased 

ui \ e II represents approximately a fiftyfold increase of boron concen¬ 
tration over curve I) the radiation at 1.039 ev increases. This indicates 

hat electrons injected into the p-type silicon recombine with the holes 
oound to acceptor centers at the low temperatures used in the experiments. 
I ui ther confirmation of this mechanism of radiative recombination is 
given by curves III and IV which were obtained for silicon containing 
gallium and indium impurities respectively. The energies obtained from 

these curves agree well with the activation energies for these two impurities 
as measured by thermal and optical means. 

In germanium radiation resulting from recombination of electrons and 

noles which involves phonon cooperation has been observed at an energy 

corresponding to the thermal width of the forbidden gap. In addition to 

the radiation observed at 1.75/x (0.70 ev) an additional band has been 

.eported with a calculated maximum at 1.52 n (0.81 ev) which corresponds 

to direct recombination of electrons and holes without involving any 

phonons. Recombination radiation from plastically deformed germanium 

junctions 63 at ~80°K shows an additional band at 0.5 ev which depends 

upon the deformation. Diffusing copper into the germanium junction 

introduced a band at 0.59 ev which seemed quite distinct from the 0.5 ev 
dislocation band. 

The light observed from silicon carbide 64 samples depended upon the 
sample and was of lower energy than the band gap. Definite junction areas 
*ere not available and the interpretation of this radiation is still uncertain. 

Another method of light production by a semiconductor junction has 
been observed 6 ' -69 in reverse-biased silicon p-n junctions. Visible light is 
emitted which has been explained 69 as originating in the recombination of 
electrons and holes which have acquired energy during the avalanche break¬ 
down occurring during these experiments. 

These experiments in which emitted light is observed are properly classi- 
r.ed under luminescence. In the particular cases mentioned above the radia¬ 
tion has followed the application of an electric field and therefore the 
processes would be grouped under the general classification of electro¬ 
luminescence. Ihe study of luminescence of solids is too extensive to be 
included in this chapter. There are review articles and books 70-72 to which 
the reader is referred. However, we have seen in these experiments some 
results which can quite definitely be explained by the kinetics of minority 
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carriers recombination. It can be seen in these cases how important re¬ 
combination processes can be in understanding light emitted from semi¬ 
conductors. 

TRAPPING OF MINORITY CARRIERS 


From a kinetic viewpoint a simple trapping of a minority carrier by a 
trapping center is a special and limited case of the interaction between a 
minority carrier and a recombination center. The difference between trap¬ 
ping and recombination was seen in Figure 11.2. We have chosen to repre¬ 
sent electron traps 73-75 in this diagram, although a completely analogous 
description could be written for hole traps. Recombination centers are 
represented by triangles within the forbidden gap, and trapping centers by 
squares. The arrows representing transitions to both bands from the 


recombinations centers indicate that all electron and hole capture and 
release rates are important in the recombination process. In other word' 
an electron or a hole in a recombination center has ready access to either 
band. An electron or hole, after capture, attracts a carrier of the opposite 
type resulting in a mutual annihilation. If either of the rate constant' 
becomes very small compared to the other, a recombination center will 
become a trapping center, as illustrated for the case of electron trapping 
by the squares in the forbidden gap in Figure 11.2. The rate of electron 
capture will depend upon the rate constant for capture as well as upon 
the populations of the various levels. The rate constant for capture can be 
expressed as a product of the cross section for capture A n times the thermal 
velocity of electrons, or A n v. The equation for the time rate of change et 
trapped electrons n t is 

^ = A n vn(N t — n t ) —n t /T g (11.22 

at 

where n is the electron density in the conduction band and N t the toti* 
density of traps which are located at a discreet value of the energy E t and 
r g is the mean time for release of a trapped electron. 

In order to illustrate the mechanisms involved during trapping, E 
(11.22) will be solved under simplifying conditions. First, the concentrat: cm 
of electrons in the conduction band is assumed to remain constant at ittl 
steady state value. This makes Eq. (11.22) a linear equation. The second 
assumption is that the probability of a minority carrier recombining - 
much greater than the probability of its being captured by a trapping 
center. The more general cases where these limiting assumptions are w* 
made have been solved by Haynes and Hornbeck.' 3, ' 4 However, tke 
solution which we present is found to be applicable to several case** £ 
physical interest and is presented in order to illustrate the trapping proe~ 
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The second condition confines our discussion to a simple trapping case 
where a minority carrier, once generated, will be trapped no more than once, 
Mid upon being liberated back to the conduction band will subsequently 
recombine through a recombination center without being retrapped. 

The solutions of Eq. (11.22) are 


A n v = 

1 

"l 

il 



n t 

_T0 

TgJ 


n?N v 

= exp (E e 

- E t )/kT 

(11.23) 

n t (N t — n“) 

N cA-jiVT g ~ 

= exp ( E c 

- E t )/kT 



where n*°° is the steady state density of trapped electrons when ni mobile 
electrons are maintained by the light source, E c is the energy at the edge 
of the conduction band, N c is the effective density of states at E c , and to 
is the time constant of electron capture by the traps. A typical photocon- 
ductive response in the presence of traps is shown in Figure 11.11. When 
the light is turned on, the mobile electron density increases to rii in a time 
of the order of a recombination time. It is maintained at that steady state 
value until the light is removed. The additional concentrations of electrons 
and neutralizing holes cause the sample conductivity to increase at the 
same rapid rate to a value A<n = qn P ni( 1 + b) where b is the ratio of elec¬ 
tron mobility to hole mobility. The non-equilibrium density of electrons 
increases the net trapping rate and electrons begin to fill the traps. The 
rate of filling can be changed by adjusting the light intensity and thereby 
increasing or decreasing rii . Trapped electrons are immobile and cannot 
contribute to the conductivity. However, the additional holes required 
to neutralize the trapped electrons will contribute to the conductivity and 
their effect is noted in Figure 11.11 as Aa t . The relation A a t = q^ v n t 
enables one to calculate n t . When the light is turned off, the concentration 
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time 



Figure 11.11. Schematic of a typical oscilloscope pattern illustrating minority 
carrier trapping with weak illumination. 
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of trapped electrons decays from its steady state value to its equilibrium 
value of Ut . The conductivity decreases at the same rate. 

As mentioned previously, the decay of photoconductivity can be used 
to measure the lifetime of minority carriers. When traps are present it is 
possible to confuse the rate of emptying traps, and the associated decay of 
photoconductivity, with the decay due to recombination. The most prev¬ 
alent method of distinguishing between the two mechanisms is to illumi¬ 
nate the sample with a steady light during the measurement, superimposing 
the chopped light on the steady illumination. The steady light main¬ 
tains a high concentration of minority carriers which serve to keep the 
traps almost full. In this way the effects of trapping are reduced and it i~ 
usually possible to measure the lifetime in the presence of traps. However. 
if the lifetime depends upon minority carrier density, as has been shown L 
certain cases, 76 then one must be sure to correct for the carriers introduced 
In this case the decay is nonexponential and the use of lifetime is an ap¬ 
proximation. 

If the system does not exhibit multiple trapping, the decay will have 2 . 
simple time constant, given by Eq. (11.23). Haynes and Hornbeck' 4 hav- 
described multiple trapping as well as the single trapping discussed above. 
During multiple trapping, an electron in the conduction band has a greater 
probability of being trapped than it does of recombining. For this reason^ 
an electron once released from a trap will on the average be trapped an: 
released several times before recombining with a hole. The solutions of this 
case show that the excess carriers decay more rapidly at first, because th- 
traps are filled, approaching an exponential decay after a time which > 
long compared to the reciprocal of the initial decay rate. At these tim~ 
excess carriers will disappear at a rate which depends upon the relative 
probabilities for capture by a trap and capture by a recombination center < f 
a free carrier. From this we see that although the decay time of phot - 
conductivity is probably the most apparent property of a trap, it is not : :s 
explicit function of the trapping center and the temperature. The twm 
intrinsic properties of trapping centers are the cross section for minority 
carrier capture and the energy separation from the band edge. 

Chemical Origin of Trapping Centers 

It has been established that hole traps, as observed at low temperature 
are introduced into germanium crystals by electron bombardment" 

78 i • 

by copper atoms. In these two cases, the trapping center energies hmm 
been determined and the cross sections for hole capture have been me^- 
ured. In both cases it has been possible to control the density of trapping 
centers and in the copper doped germanium a one-to-one correspondence 
between copper concentrations and trapping center concentrations n* 
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been shown to exist. In copper-doped germanium, a trapping center was 
found at ^0.2 ev from the valence band with a temperature independent 
capture cross section for holes of 1.5 X 1CT 16 cm 2 . Burton et aV had shown 
previously that the copper acceptor level at 0.25 to 0.30 ev from the valence 
band had a capture cross section for recombination of holes at room tem¬ 
perature of 1 X 10~ 16 cm 2 . Baum and Battey 33 had calculated from lifetime 
measurements on high resistivity p-type material that A n , the capture 
cross section for electrons, had a temperature dependence which would 
reduce the rate of electron capture to a negligibly small quantity at the 
low temperatures used for the trapping experiment. 

All this evidence taken together indicates that the copper acceptor which 
acts as a recombination center at room temperature becomes a hole trap at 
lower temperatures because of the temperature dependence of A n . It 
seems quite probable that other impurities will act as a recombination 
center at one temperature and as a trapping center at lower temperatures, 
although this has not been established. Part of the reason for the last 

0 9 # 

statement can be found in the qualitative observations that certain 
iron-group impurities in germanium, which lower the lifetime measured at 
room temperature, also introduce trapping centers in the crystals at lower 
temperatures. However, because of the low solubility of these impurities, 
it has been difficult to determine details about their action as trapping 
centers. 

Haynes and Hornbeck' 3, ' 4 have shown the existence of at least four 
different trapping centers in silicon. They showed that the concentrations 
of these traps were quite constant in the crystals they investigated. All 
these silicon crystals were pulled from a melt held in a fused silica crucible, 
with rotation of the seed. Subsequent investigations 79 showed that crystals 
grown without rotation had trap densities which were orders of magnitude 
smaller. Attempts to introduce traps into the nonrotated crystals after 
they had been grown proved fruitless, even though a wide variety of im¬ 
purities coupled with plastic deformation, bombarding and/or heating 
cycles were tried. There are some indications that the trapping centers in 
silicon may be associated with oxygen in the crystal, because their concen¬ 
trations depend upon growth conditions and heat treatments in a fashion 
similar to oxygen 80, 81 concentrations. At this time, however, the connection 
must be regarded as tenuous. 
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CHAPTER 12 


EFFECT OF IMPERFECTIONS ON GERMANIUM 

AND SILICON 

J. N. Hobstetter 

INTRODUCTION 

Structural imperfections or defects are believed to occur naturally in 
most solid structures, and many diverse properties such as plasticity, atomic 
diffusion and precipitation of new phases in solids have been attributed 
to mechanisms involving their behavior. In semiconductors, these defects 
have the unusual further effect of producing large changes in electrical 
proper ties. While these changes are usually deleterious to device usage, 
study of them often gives important information about the nature of semi¬ 
conductors and the origin of their useful properties. Perhaps most impor¬ 
tant of all, these effects in semiconductors provide a very powerful tool 
for exploring the influence of defects on the properties of solids in general. 

I or example, the plastic deformation of both metals and semiconductor- 
is believed to depend upon exactly the same defect mechanisms: the 
generation and movement of dislocations. Now plastic deformation of 
semiconductors is not particularly important in itself, but deformation of 
metals is a matter of enormous technological moment. Metals are reluctan: 
to yield information on the numbers and kinds of dislocations and other 
defects they contain, but semiconductors yield it readily by virture of 
their effect on electrical and etching properties. The mechanisms of plastic 
deformation are therefore being sought out through the study of semi¬ 
conductors. This chapter will discuss the nature and role of defects, mostly 
dislocations, in controlling this and other properties of semiconductor^ 
Attention will be confined to silicon and germanium upon which mi-* 
work in this field has been done. 

CLASSES OF DEFECTS 

By strict definition, a structural defect or imperfection is any perturb c.- 
tion in position or identity of any structural element of an ideal crystal 
Defects of identity embrace donors, acceptors or other impurities, all < •: 
which are dealt with in the foregoing chapters. Here we shall be concerned 
only with defects of geometry. 
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Point Defects 

The simplest imperfections of interest are those which center about 
^ngle points in the crystal. These are the familiar vacant atom sites, called 
'Vacancies,” and interstitial atoms which have come to be called, rather 
ungrammatically, “interstitials.” These defects are sometimes created in 
uairs when an atom is moved from its normal position into an interstice, 
leaving a vacancy behind. Such pairs are called “Frenkel defects;” they 
are formed, for example, when a crystal is bombarded by subatomic par- 
*icles which knock the atoms about. On the other hand, these point defects 
need not be formed in pairs. Vacancies alone may be absorbed into a crystal 
from its outer surface, moving in by diffusion; both vacancies and inter¬ 
stitials are believed to form quite independently during the plastic deforma¬ 
tion of crystals. Vacancies whose formation is not pairwise are called 
“Schottky defects.” These point defects have already been treated at 
some length in Chapter 2. Let us recall that they occur naturally in crystals, 
their equilibrium numbers being given by 

N v = Nexp(-E v /kT) (12.1) 

N t = Naexp(-Er/kT) (12.2) 

where N is the density of atoms in the crystal, a is the number of intersti¬ 
tial sites per atom, and E v and E r are respectively the energies of formation 
of vacancies and interstitials. They may also be introduced in greater than 
equilibrium numbers by subatomic particle bombardment, by the quench¬ 
ing-in a high temperature equilibrium, and as a consequence of plastic 
deformation. We shall be concerned later in this chapter with the electrical 
properties of point defects and with their interaction with other imper¬ 
fections. 

Line Defects 

A dislocation or line defect is an imperfection that centers along a line 
in a crystal. The line need not be straight, nor need it lie in a single plane, 
although it usually will do so—on one of the crystallographic planes of 
high symmetry. The essential point is that the dislocation forms the bound¬ 
ary of a region in the crystal which appears to have slipped with regard to 
the rest of the crystal. The word slipped is used here in the same sense as 
in plastic deformation of crystals, which is to indicate a displacement of 
part of the crystal with respect to the rest by a lattice translation vector. 

An easy way to visualize a dislocation is to imagine making a partial 
cut into the crystal along the plane containing the slip vector and terminat¬ 
ing along the line of the desired dislocation, Figure 12.1a, displacing the 
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Figure 12.1. Formation of a dislocation by cutting along a plane, displacing by 
the Burgers vector, and healing the cut in its new position. 


cut surfaces over each other by the desired slip vector, and then healing 
the cut in the new position, Figure 12.1b. It is evident that, since the slip 
vector is a lattice translation vector, this process will produce correct 
registry of the atoms of the crystal everywhere except in the vicinity of the 
dislocation itself, which is the boundary of the displaced region. Near the 
boundary a sort of “wrinkle” will have formed—the atoms will not be in 
registry over a region of limited width along the boundary. On one side 
of the dislocation lies the region that has slipped, on the other side the 
region that has not yet slipped and at the dislocation itself lies a narrow 
region that is caught, so to speak, in the process of slipping. 

Though all dislocations might be formed in this way, it is not necessary 
that any actual slipping occur. Accidents during the growth of a crystal tha; 
produce the configuration of a dislocation at the growing interface can 
be perpetuated during growth. Thus long dislocation lines, often paralle. 
to the growth direction, may be built into crystals which nevertheless 

appear to have formed in response to slip. 

A dislocation is fully characterized by two parameters: the lattice trans¬ 
lation (slip) vector, and the direction of the dislocation line. The formsc 
pertains to the whole dislocation and is called its “Burgers vector;” the 
latter varies along the dislocation. The local direction and the Burger- 
vector define the plane upon which the dislocation is said locally to lie. 

The orientation of the dislocation in its plane is usually described wit k 
respect to the Burgers vector. A dislocation normal to its vector is said t ■: 
be in edge orientation ; one parallel to its vector is said to be in screw orien im- 
tion. In the latter case, the sense of dislocation plane is evidently lost. 

The meaning of the name edge orientation comes from the followirx 
When slip occurs normal to the slip boundary, material forced into the 
“wrinkle” does not find mating material on the other side of the slip pla:e 
The atoms of this extra material lie on atomic planes, as elsewhere, b« 
the planes terminate at the dislocation plane. Edges of atomic planes ^ 
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Figure 12.2. Schematic configuration of a dislocation in edge orientation. There is 
atomic registory everywhere except along the dislocation line AD which is the edge 
of the extra atomic plane ABCD. 

thus formed internally, Figure 12.2. Deviations from this orientation do 

not have continuous edges of this kind. 

The name screw orientation comes about because slip parallel to a line 
boundary converts any set of parallel planes that would normally intersect 
the line into a spiral ramp with the line as axis. This ramp resembles a 
screw thread winding about the dislocation line, Figure 12.3. 

A dislocation may make an arbitrary angle with its Burgers vector, so 
that it lies between the edge and screw orientation. In some crystals there 
are anisotropic lattice forces that tend to make it lie along certain 
crystallographic directions, but there is no conclusive evidence that ger¬ 
manium or silicon show such anisotropy. 


H 



Figure 12.3. Schematic configuration of a dislocation in screw orientation. The 
dislocation AD converts the plane EFGHJK into a spiral ramp terminating at the 
bottom of the crystal. Each plane intersecting AD becomes a ramp of this kind. 

{After Read. 1 ) * 
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Surface Defects 

It is now recognized that crystals also contain imperfections that lie 
along internal planes or surfaces. In simple cases these defects can be 
recognized as arrays of dislocations. For example, an array of dislocations 
in edge orientation, one above the other as Figure 12.4 shows, constitutes 
a simple tilt boundary. Likewise, a grid of dislocations in screw orientation 
constitutes a twist boundary, Figure 12.5. Evidently the boundary between 





Figure 12.4. Simple tilt boundary composed of parallel dislocations in edge orien¬ 
tation. (After Vogel. 20 ) 



Figure 12.5. Twist boundary composed of a crossed grid of four dislocations 
screw orientation. 
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:tny two orientations, or even any two crystal structures, can be described 
in terms of a suitable dislocation array, although in most cases the inter¬ 
actions among the dislocations would distort the arrays beyond easy recog¬ 
nition. Little is actually known about such surface imperfections. 

ELEMENTS OF DISLOCATION THEORY 


As has already been said, many significant properties of solids depend 
more sensitively on the kinds and numbers of defects they contain rather 
than on the crystal structure. This section will survey one of the more 
important of these mechanisms: the theory of dislocations. Later this 
theory will be applied to semiconductors, to see how dislocations affect 
the properties of semiconductors and interact with other defects which are 
present. The treatment that follows is not intended to be other than a 
descriptive, undocumented one. The reader interested in a more complete 
discussion of dislocation theory is referred to two outstanding books by 
Read 1 and Cottrell. 2 


Plastic Deformation 


It is a curious and most important fact that crystals that can be plasti¬ 
cally deformed begin to yield at stresses more than 1000 times smaller 
than the theoretical strength of the perfect crystal. It is now known that 
this extraordinary weakness of crystals is the result of their imperfections; 
in particular, it is the result of their containing dislocations. The facts of 
the matter are that the configuration called a dislocation can be moved 
about in the structure by very small stresses and that the result of its 
passage through the crystal is to produce the appearance of slip of one 
part of the crystal over the other along the surface traversed by the 
dislocation. Crystals appear to deform in exactly this way, one part sliding 
over another along certain crystallographic planes. 

This behavior of dislocations can be understood by considering a very 
simple model. Figure 12.6 shows a section through a dislocation in edge 



Figure 12.6. Edge dislocation in the hypothetical simple cubic structure showing 
schematically some of the forces against which the dislocation can be moved. 
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orientation in the hypothetical simple cubic structure. The atom marked A 
finds itself midway between its neighbors B and C on the underlying plane. 
In naive terms, atom A experiences interatomic forces tending to pull it 
forward to align with B and backward to align with C. These forces ap¬ 
proximately balance out at A . A small stress tending to displace A toward 
alignment with B will increase the forward force but decrease the backward 
one, so that a driving force tending to move the dislocation is generated. 
At the same time, however, atom D will be displaced against the force 
holding it to B , but toward E\ similarly, F will be displaced. The restraint 
on the dislocation is usually only slightly greater than the driving force 
when it lies on certain special crystallographic planes. As a result, the whole 
dislocation can be moved forward in this plane to a new equilibrium position 
by the quite small shearing stresses. The least stress that will move a 
dislocation in its plane is called the “Peierls stress.” It seems to be smallest 
on planes of high atomic density, in some metals being no more than a few 
tenths of a kilogram/mm 2 . These are called the “slip planes.” Other planes 
have higher Peierls stresses and slip on them is therefore inhibited. In 
covalently bonded semiconductors the force of restraint is a good bit 
larger than the driving force; the Peierls stress is much larger on all planes, 
but still is lowest on the close packed planes. 

When the dislocation moves from one equilibrium position to another, 
the result is an extension of the slipped area at the expense of the unslipped 
area. If the dislocation should pass clear through the crystal, it would 
leave behind the appearance of simple slip, as shown in Figure 12.7c. 




(c) 

Figure 12.7. Schematic sketches showing that (a) a positive dislocation movi: - 
to the left, and (b) a negative dislocation moving to the right produce (c) the same 
appearance of slip. 





% 
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This same final result obtains whether a positive dislocation moves to the 
left (Figure 12.7a) or a negative (upside down) dislocation moves to the 
right (Fig. 12.7b). 

Dislocation Motions 

So far we have considered only the slipping motion of dislocations in 
edge orientation. More general treatment shows that a dislocation in any 
orientation can be pictured as moving in any direction normal to itself. 
Any component of this motion along the slip plane defined by the dislo¬ 
cation line and the Burgers vector is a slipping motion; any component 
normal to this plane is called ‘‘climbing motion” and will be discussed 
later. These statements cover all motions except for the special case of a 
dislocation in screw orientation where the dislocation line and the Burgers 
vector are parallel. For this case all planes containing the dislocation line 
are possible slip planes, and any motion of this dislocation is slip. 

All slipping motions are subject to the restrictions imposed by the Peierls 

stress. If the slip plane of a dislocation is one of low Peierls stress, slip will 

occur under very low applied stresses. Such dislocations are called “glis- 

-ile,” and they alone cause plastic deformation. If the slip plane is not 

one of low Peierls stress, the dislocation is called “sessile,” and it will not 

be moved in slip by the stress levels that obtain during ordinary plastic 
deformations. 

The climbing motion of dislocations which have a component in edge 
orientation is quite dissimilar to slip in that it can never be induced by the 
application of stress alone. Diffusion of atoms is required. Consider the 
schematic cross section of a dislocation in edge orientation in Figure 12.8. 
The edge of the extra plane of atom is a series of atom sites having incom¬ 
plete coordination. Accordingly, atoms may be removed or added to this 
edge with relative ease. The addition of an atom to the edge causes the 
dislocation locally to move down one slip plane, as shown by the dotted 
fines. Similarly, the removal of an atom from this edge would cause the 



Figure 12.8. Climbing motion of a dislocation caused by the addition at atoms to 
the edge of the extra plane. 
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dislocation to move up. These are both climbing motions. They are brought 
about by the diffusion of vacancies or interstitials to the edge followed by 
their addition to it. (The addition of a vacancy is equivalent to the removal 
of an atom.) Addition and removal rates come to a thermal equilibrium, 
so that no climb occurs unless there are stress components that favor climb. 
Such components will favor one rate and inhibit the other so that climb 
occurs. Note once again that dislocations in screw orientation do not climb. 

Dislocation Sources 

We have seen that some dislocations, once formed, can be easily moved 
about in crystals and that the result of their motion is to produce the 
appearance of plastic slip. It remains to show where dislocations might 
come from in sufficient numbers to produce the massive amounts of plastic 
slip that crystals will undergo. One solution to this problem was the dis¬ 
covery of the Frank-Read dislocation sources. It may be that other types 
of dislocation sources also occur, but the Frank-Read sources most cer¬ 
tainly do. 

Every ordinary crystal contains appreciable numbers of dislocation 
caused by accidents during solidification. Metal crystals are commonly 

• B • 

found to contain about 10 such dislocations passing through any square 
centimeter of internal area. Semiconductor crystals are usually more 
perfect, commonly containing about 10 4 dislocations/cm 2 , and some crystal- 
have been grown by special techniques that contain only a few hundred or 
less. These grown-in dislocations appear to be linked together to form a 
three-dimensional network of dislocation lines extending throughout the 
whole structure. Some segments of the network lie on planes of low Peierl- 
stress and are therefore glissile. Consider Figure 12.9 which shows a glissile 
dislocation segment AB lying in a slip plane coincident with the plane of 
the page, but joined to other segments not on slip planes at the node> 
A and B. When a small shear stress is applied to the crystal, the glissile 
segment will tend to move forward to increase the slipped area in response 
to the stress; the sessile segments beginning at A and B cannot move at 
such low stresses. The glissile dislocation therefore acquires a bowed shape. 


A> 


UNSLIPPED AREA 


SLIPPED AREA 


Figure 12.9. A glissile segment of a dislocation network. The dislocations leavi 
the modes A and B are not on slip planes and therefore not glissile. 
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Figure 12.10. Response of a glissile dislocation segment pinned at A and B to 
applied shearing stresses. 


At this point it is necessary to note another fact about dislocations: it 

costs energy to make them. Interatomic forces must be overcome and bonds 

nroken to form the dislocation configuration, and the total energy cost is 

directly proportional to the length of the dislocation. This is equivalent to 

saying there is a line tension associated with the dislocation that resists 

extending the dislocation length. Let us call the magnitude of this tension 

T. The shearing stress t applied to the dislocation segment in Figure 12.9 

produces a iorce per unit length on the dislocation acting normal to the 

dislocation line tending to expand the slipped area. The magnitude of this 

force is rb, where b is the Burgers vector of the dislocation. This force is 

resisted by the line tension. Consider the two configurations of the segment 

in Figure 12.10. Let configuration I be caused by the application of stress 

n. 1 he total forward force on the segment is evidently r,bL, where L is 

the original (also the projected) length of the segment AB. This force is 

balanced by the reverse components of the two line tensions T. Therefore 
the stress must be 



(12.3) 


Suppose now the stress is increased until the semicircular configuration II 
i > reached. The stress required to achieve this is evidently 


2 T 

Tc = b L ( 12 - 4 ) 

In other words the forward force is just balanced by all the line tension. 

A further increase in r will produce a forward force greater than the line 

tension can balance and the dislocation segment will become unstable and 

expand outward without limit. We see, therefore, that a stress less than 

T c causes a static bowing of the dislocation segment and that a stress greater 
than t c causes its dynamic expansion. 




518 


SEMICONDUCTORS 


sa 



Figure 12.11. The Frank-Read source. The numbered curves are successive posi¬ 
tions of a dislocation line moving under a stress greater than r c . 


Figure 12.11 shows the operation of a Frank-Read source. It depict5 
successive positions of the dislocation segment when r c is exceeded. Re¬ 
member that the end points A and B cannot move at the prevailing stre» 
The segment balloons outward expanding the slipped region. The key : 
what happens next can be found by considering the approach of the t 
sections marked a on the loop numbered 4 . The area behind the dislocation 
has slipped with respect to what lies ahead of it. The material behind the 
two sections in the vicinity of the letter a has thus undergone the 
slip and when the two boundaries meet, they will simply disappear. Tb* 
result is a completely free loop numbered 5a which goes on expanding 
and a regeneration of the original segment, 5b, which will proceed to under,; 
the whole process all over again. In this way the original segment AB 
acts as a mill throwing off one dislocation loop after another, each of whi a 
expands in the slip plane producing slip. The mill comes into opera 
when the applied shearing stress on the slip plane in the direction of tb*- 
Burgers vector exceeds r c . 

Another version of the Frank-Read source occurs when the glL 
segment is pinned at only one point, the other end reaching a free 
of the crystal. The operation of this mill, whereby dislocations are throw* 
off by a rotating dislocation spiral, is depicted in Figure 12.12. This 
operates at half the applied stress of the previous one. 

Elastic Interaction of Dislocations 

Clearly, the plastic deformation of crystals as envisioned in dislocai 
theory causes a vast increase in the glissile dislocation content of the cry- 
These dislocations will increasingly interact with one another as 
density increases. Two forms of interaction can be distinguished: long 
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Figure 12.12. A single ended Frank-Read source. Successive positions of the dis¬ 
location are numbered. 


interaction of the elastic strain fields surrounding each dislocation, and 

short range interaction in which one dislocation actually combines’with 
another. 

It is clear even in the schematic drawing in Figure 12.6 that a dipole- 

type strain field surrounds a dislocation in edge orientation. Above the 

dislocation the lattice is compressed; below it, expanded. This field decreases 

at points away from the dislocation and becomes zero at sufficiently large 

distances. Similarly, a dislocation in screw orientation is surrounded by a 

pure shear strain field having cylindrical symmetry about the dislocation. 

The existence of these fields means dislocations exert stresses at points 

within the range of their fields and thus exert forces on each other just as 
external stresses do. 

The simplest case of dislocation interaction occurs with two parallel 
screw dislocations having the same Burgers vector. The superposition of 
their fields causes a mutual radial repulsion that keeps them apart. The 
magnitude of the repulsive force is 



(12.5) 


where G is the shear modulus and r is the separation of the dislocations. 
If their Burgers vectors are antiparallel, an attractive force of the same 
magnitude results. The dislocations may migrate together under this force 
and annihilate each other leaving a perfect crystal behind. 

The cases of dislocations in other than screw orientations are much more 
complex. Let us examine pure edge dislocations whose behavior will typify 
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repulsive, however, so that diffusive climb of the dislocations away fi 

each other tends to occur. If there are several dislocations, they will t 

to form a vertical wall of equally spaced dislocations. The formation of s 

walls plays an important role during annealing of deformed metals. 

It will be obvious that if the original dislocations lay in the same 

plane, as they would if they were glissile dislocations arising from the 

source, the force between them would always be repulsive. Diffusive cum 

vertS waff flUCtUatl ° n ’ WOuld then allow even these to migrate into 

Dislocations of opposite signs (Burgers vectors antiparallel) would e 
penence forces exactly opposite to those described above. They w,. 
attract at large distances but the force along the slip plane would change 1 
repulsive when their offset was y. The climb component of the force worn, 



limh. 




EFFECT OF IMPERFECTIONS ON GERMANIUM AND SILICON 521 

remain attractive, however, and the dislocations would approach by dif¬ 
fusive climb along a line at 45° to their slip planes and would eventually 
annihilate each other. 

Parallel dislocations in arbitrary orientations between edge and screw 
will exhibit behavior bracketed by the partially attracting mode of the edge 
and the always repelling mode of the screw orientations, there is always 
some tendency for them to migrate into vertical walls so long as there is 
any edge component at all. Likewise, the behavior of antiparallel dis¬ 
locations is bracketed by that of their edge and screw cases. 

Dislocation Combination 

We have already seen examples of the combination of antiparallel dis¬ 
locations in the form of their mutual annihilation. These are special cases 

of a more general phenomenon now to be described. 

The square of the Burgers vector of a dislocation is a measure of the 
energy per unit length contained in the dislocation. If two different dis¬ 
locations having vectors bi and b 2 come together, in principle they can 
form a single dislocation with vector b 3 where 

b 3 = bi + b 2 (12.6) 

Whether this combination will actually occur depends upon whether 
(b 3 ) 2 is greater or less than (b^) 2 + (b 2 ) 2 . In the latter case the energy of the 
svstem will be reduced and the combination should occur, lor example, 
in the face centered cubic lattice the smallest lattice translation vector is 
one-half the face diagonal, denoted by \ (110). Two dislocations having the 
vectors \ [110] and \ [101] will combine to form a third quite similar dis¬ 
location according to the equation: 

\ [110] + \ [T01] = \ [Oil] (12.7) 

The dislocation energy is reduced by half when this reaction occurs. 

The actual combination of the dislocations probably occurs only when 
they are parallel and in an attracting state. Dislocations that do not satisfy 
these conditions will often acquire them under the action of sufficient 
applied stress, reorienting under the forces exerted by their mutual fields. 

Dislocation Jogs 

Nonparallel dislocations on different slip planes that do not combine 
as above can be forced to cut through one another by the application of 
sufficient applied stress. When this happens, each of the dislocations 
acquires a jog in the direction of the Burgers vector of the dislocation 
that cuts it, as depicted schematically in Figure 12.14. If such a jog lies 
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BEFORE CUTTING AFTER CUTTING 

Figure 12.14. Illustration of the production of dislocation jogs. The horizontal 
dislocation cuts through the vertical one. 

in the slip plane of a glissile dislocation, it will eliminate itself by slip: 

one that does not lie in the slip plane is persistent. 

Dislocation jogs have a large effect on the properties of crystals. First 
of all, atoms at jogs have even lower coordination than atoms along the 
edge of the extra plane. They are therefore easily removed or added and 
act as ready sources and sinks for vacancies and interstitials. In the course 
of this activity the jogs undergo climbing motion. Secondly, the jog' 
cannot share the slipping motion of glissile dislocations; they move with 
the dislocation only by employing some climbing motion. For this reason 
jogs on glissile dislocations greatly decrease dislocation mobility. Sufficient 
applied stress will move them and the resulting induced climbing motion 
of the jogs will be accomplished by the formation of a trail of vacancies 
or interstitials depending on which way the dislocation moves. The fre^ 
energy of formation of the point defects comes from the work done by 

applied stress in moving the jogs. 

Work Hardening 

A universal property of materials that deform by slip is the phenomeii- ■ 
called “work hardening/’ whereby, as strain proceeds, the required stre- 
to obtain further strain continually rises, Figure 12.15. This property it? 
one of the most useful that metals display; without it we would not 
able to carry out most of the plastic shaping operations upon which modem 

technology depends. 

Work hardening is the natural result of the dislocation mechanism 4 
plastic deformation. Dislocations multiply rapidly as deformation proceed?. 
They encounter one another and some of them annihilate each other 
Others react to form new dislocations which may not be glissile, but whkfc 
can nevertheless exert forces on glissile dislocations to impede them. Sli 
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STRAIN 


Figure 12.15. Schematic stress-strain curve for a single crystal. The stress re¬ 
quired for further strain continually rises. 

others repel each other or cut through each other to form impeding jogs. 
Finally, other structural defects or asperities retard glissile motion. The 
over-all result is that the dislocation density rises as deformation proceeds 
and any given dislocation finds it harder and harder to move through the 
tangled forest of dislocations that confronts it. The applied stress required 
to cause further motion will necessarily rise as, indeed, it is observed to do. 

Interaction with Point Defects 

All point defects in solids, whether solute atoms, vacancies or inter- 
stititals, are believed to be surrounded by strain fields that are mainly 
hydrostatic in nature. Some few cases are known; e.g., interstitial carbon 
in body-centered cubic iron, where nonhydrostatic, shear components 
may also be present. It is to be expected, therefore, that defects will exert 
forces on and experience forces exerted by dislocations. A dislocation 
having any portion of edge component has hydrostatic strain field com¬ 
ponents associated with the compressed region on one side and the expanded 
region on the other side of its slip plane. Point defects having fields of 
hydrostatic compression are repelled by the dislocation's compressed 
side and attracted to its expanded side, and vice versa. On the other hand, 
dislocations in pure screw orientation have only cylindrically symmetrical 

shear fields and can therefore interact only with point defects that also 
have shear components in their fields. 

At any temperature high enough to permit even very slow diffusion, 
the defects will migrate under these interaction forces and form what are 
called “Cottrell atmospheres" in the vicinity of their minimum energy 
positions along each dislocation. Their presence will, of course, reduce the 
dislocation's strain field so that a saturation effect ensues. Vacancies and 
interstitials may attach themselves to dislocations having an edge com¬ 
ponent, particularly at jogs along the extra plane. Solute atoms may be 
so strongly attracted that the atmosphere condenses to give a single line 
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of atoms parallel and immediately adjacent to the dislocation. Also, the 

concentration of solute atoms may build up to such values as will permit 

nucleation of particles of a precipitating phase at and along the disloca¬ 
tion. 

These Cottrell atmospheres also have great influence on some properties 
of the crystal in which they occur. The binding force holding the atmosphere 
to the dislocation also affects the mobility of the dislocation. Very low 
stresses on glissile dislocations will cause motion only insofar as the atmos¬ 
phere can diffuse along with its dislocation. This effect is seen during micro¬ 
creep. Greater stresses will tear the dislocation loose from its atmosphere, 
and in this case the stress required to start plastic deformation is larger 
than it would be if the atmospheres were not present. Finally, the sudden 
tearing away of the dislocation from the pinning effect of a condensed 
atmosphere produces the so-called “yield point” phenomenon, whereby 
the stress required to start a dislocation moving is much less than tha: 
required to keep it moving, so that the yield stress suddenly drops when 
plastic deformation begins. Several of these phenomena occur in semi¬ 
conductors and will be discussed later. 

DISLOCATIONS IN GERMANIUM AND SILICON 

We turn now to more specific applications of dislocation theory to semi¬ 
conductors. In this section we consider the form of dislocations in germa¬ 
nium and silicon and present the massive evidence these materials have 
given that dislocations do in fact behave as predicted. In most cases the 

confirmation of the dislocation theory was first made during study : 
germanium and silicon. 

Geometry of Dislocations 

Germanium and silicon crystals are built on a face-centered cur :*• 
lattice with two atoms associated with each lattice point. These atom- 
may be thought of as a dumbbell with its axis parallel to the body diagonJ 
of the unit cell and with spacing between the atoms equal to one quart er 
of the body diagonal. Tetrahedrally directed covalent bonds (sp 3 boo 2 
hybrids) link together all the atoms of the structure. The resultant structure 
is depicted in Figure 12.16, where the covalent bonds are drawn as heavy 
lines and the unit cell is outlined in light lines. 

There are two ways in which the actual dislocation configurations m 
this structure differ from those in the simple cubic structure described 
the foregoing section: the lattice is more complex; there are two atoms 
lattice point. Consider first the effect of the face-centered lattice. Ti- 
shortest lattice translation vector in this lattice is one half the face diagoi^ 
denoted by | (HO). All glissile and sessile dislocations that have 
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Figure 12.16. The diamond structure of germanium and silicon. The dumb-bell 
of atoms associated with the lattice point at the origin is shown in black. 

identified in semiconductors have one of these 12 translations for their 
Burgers vector. This does not mean that there may not be sessile disloca¬ 
tions having for example | (111) or some other Burgers vector, but they 
have not yet been definitely found. The planes of lowest Peierls stress in 
this lattice appear to be the close-packed {111} planes; the glissile dis¬ 
locations are therefore confined to these slip planes. 

these slip planes have threefold symmetry and therefore contain 3 
equivalent Burgers vectors. The edge orientation of a dislocation based 
on any one of these is not very simple. In fact, instead of exhibiting a 
single extra plane of lattice points, there are two such planes, as indicated 
in figure 12.17. The simplest edge type configuration, which displays 
only a single extra plane, occurs when the dislocation is 60° from its Burgers 
vector. This pseudo-edge dislocation has most of the features of the true 
edge and is generally easier to describe and discuss. 

I he effect of having two atoms per lattice site in the structures of germa¬ 
nium and silicon is to double the number of atoms or atom planes involved 
in any lattice process. For example, jogs on dislocations in these structures 
always occur along i (110) vectors and expose two atoms along the edge 
of any extra plane. When such jogs are moved, by induced climb, they 
will leave trails of either di-vacancies or di-interstitials which probably 
remain associated. This is in contrast to the trails of ordinary vacancies 
or interstitials found in the simpler face-centered cubic structures. 

figure 12.18 depicts a pseudo-edge dislocation in the diamond structure 
as viewed nearly along a [110] direction. The covalent bonds are again 
drawn between the atoms. It will be seen that the extra plane of atoms 
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Figure 12.17. A dislocation in edge orientation in the face-centered cubic lattice 
The points shown are lattice points. 



Figure 12.18. Pseudo-edge dislocation in the diamond structure viewed frcm 
along (110). 
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ends at the slip plane, and the unsatisfied bonds at this edge have been 

left dangling. Very likely the electrons that would normally have formed 

these bonds are absorbed into different orbitals as a result of some kind 

ol unknown rehybridization. The expression “dangling bond” is used 

only as a picturesque description of this situation and should not be taken 
too seriously. 

Dislocations in other orientations can perhaps be envisioned on the 
basis of Figure 12.18. Actual drawings of them are rather unrewarding 
because of their complexity and will not be presented here. 

Deformation of Germanium and Silicon 

Like other materials having the diamond structure, germanium and 
silicon were long believed to be completely brittle. The first evidence to 
the contrary, and therefore the first evidence that dislocations can occur 
and multiply in them, was found by Gallagher 3 in 1952. He determined 
that when heated above about 500°C, germanium underwent plastic 
bending, and reported the slip plane as {111}. Treuting 4 ' 5 confirmed this 
and found the slip direction to be (110). Since this work, germanium and 
silicon have been successfully subjected to bending, 6 ’ 7 ’ 8 ’ 9 extension, 4 ’ 5 ’ 6 ’ 
10 ’ 11 compression, 6 ’ 12 ’ 13 ’ 14 indentation 15 * 16 and twisting. 17 The common 
factor in all this work seems to be that germanium and silicon are massively 
deformable just as are metals provided only that the temperature be 
raised above about 500°C for germanium and 650°C for silicon. Further¬ 
more, it appears that all geometrical aspects of the deformations produced 
are indistinguishable from those found in metals built on the face-centered 
cubic lattice. The natural conclusion has been drawn that when the temp¬ 
erature is high enough, the same dislocation mechanisms operate in semi¬ 
conductors as in metals. 

1 he requirements of a high temperature for massive plastic flow could 
mean that it is necessary to “boil” some of the Cottrell atmosphere of 
impurities and defects off the dislocations before they can move and 
multiply. Read and Pearson 18 have shown that such atmosphere-removing 
treatment does lower the yield stress for silicon, but only from 650°C to 
about 450°C. Below 450°C the silicon remains brittle. It therefore appears 
that the Peierls stress in these materials depends strongly on temperature 
and that only when the temperature is high will the dislocations move 
at stresses small enough to avoid brittle fracture. 

Detection of Dislocations 

A major milestone in the development of dislocation theory occurred 
when it was discovered that the locations of individual dislocations in 
germanium could be revealed in the form of etch pits after certain rather 
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special treatments. This discovery was the work of Vogel, Pfann, Corey 
and Thomas 19 and has been considerably developed by Vogel. 20 The findings 
are that dislocations in germanium will appear as conical etch pits on 
(100) and {111} surfaces if these surfaces are lightly etched in CP-4, 
a reagent containing 5 HN0 3 ,3 HF, 3 acetic acid, 0.1 Br 2 . Small deviations 
of the surface from the indicated surface cause the pits to become first 
comet-shaped and then to disappear. All dislocations seem to make conical 
pits on the correct surfaces regardless of their inclination to that surface, 
at least down to dislocation directions lying within 24° of the surface. 

Proof of the fact that these pits do denote dislocations was found through 
the study of lineage boundaries. Germanium crystals grown in (100 
directions were found to contain lineage boundaries which x-ray studies 
reveal as pure tilt boundaries having tilt angles of several minutes and tilt 
axes parallel to the growth direction. The boundary planes were {110: 
and they were examined on the {100} plane normal to the growth direction. 
Dislocation theory indicates that such a boundary should consist, as in 
I igure 12.19, of a simple array of sessile dislocations in pure edge orienta¬ 
tion having Burgers vectors b of § (110) and lying in {110} planes. The 
spacing of the dislocations should be related to the tilt angle 6 by: 

, b 

d = £ (12.9) 

When these samples were etched in CP-4, the boundaries were revealed 
to consist of strings of conical pits, Figure 12.20. The observed pit spacing 


[001] 



Figure 12.19. Model of tilt boundary consisting of parallel sessile edge dislocati 
lying in a {110} plane of germanium. 
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Figure 12.20. Row of conical etch pits developed along a tilt boundary by CP-4 
etchant. (After Vogel. 19 ) 



ANGLE OF TILT, 9 , IN RADIANS XlO' 4 


Figure 12.21. Comparison of observed relation between pit spacing and tilt angle 
with the prediction of Eq. (12.9). (After Vogel. 29 ) 

in these boundaries was plotted against the measured tilt angle, and the 
results are compared with Eq. (12.9) in Figure 12.21. The agreement 
provides a striking confirmation of dislocation theory. 

After this first success, considerable work was done on revealing disloca¬ 
tions in both germanium and silicon. The reagent CP-4 was found to work 
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with silicon, but a new, slower etchant developed by Dash 21 proved superior 

m that it is not sensitive to the orientation of the surface. This reagent 
contains 12 acetic acid, 3 HN0 3 and 1 HF. 


Even more striking was Dash’s 21 development of a method for seeing 
dislocation lines as they extend into silicon. This method makes use of 
the fact that silicon is transparent at infrared frequencies. A specimen is 
first saturated with copper at high temperature so that dense Cottrell 
atmospheres of copper form along the dislocations. Upon cooling, these 
regions become supersaturated, and the copper precipitates on the disloca¬ 
tions themselves. Probably the dislocations provide sites for easy hetero¬ 
geneous nucleation of the copper particles. When thin sections of the silicon 
are then examined by infrared transmission, dark lines show the path of 
t e dislocation lines. Dash has shown these lines terminate at etch pits in 
the surface. Perhaps most important of all, he has been able to demonstrate 
visually the operation of the Frank-Read source, 22 Figure 12.22. The seg- 
ments of loops in this figure are in screw orientation, but Dash shows thi* 
to result from slower motion of the screw orientation rather than from 
anisotropy that would make this orientation have lower energy. 



Figure 12.22 Visual confirmation of the operation of a Frank-Read dislocati 
souice as revealed in silicon containing copper. {After Dash. 22 ) 
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Figure 12.23. Dislocations in slip lines as viewed on a {111} plane of a crystal 
bent at 500°C, CP-4 etch, 1000 X magnification. (After Vogel. 8 ) 

Confirmation of Dislocation Theory 

Ihe pioneer in the use of the etch pit technique in elucidating and 
confirming dislocation theory was Vogel. 8,9 He applied the method to the 
study of the bending of germanium rods using specimens oriented so that 
only edge dislocations on one slip system (plane and direction) would be 
formed. This orientation places both the slip plane and direction at 42° 
for the rod axis. He bent the rods to various radii of curvature around the 
(112) direction normal to their axes and then sectioned, polished and etched 
the {111} planes most nearly normal to the (112). The dislocation pits 
were found to lie along the slip planes as required by theory, Figure 12.23. 
Furthermore, the density and distribution of the pits were also in accord 
with theory, being greater toward the surface where the applied shear 
stress was greatest and hence where more sources would operate. Finally, 
he annealed the bent crystals and found the dislocations migrated by climb 
off the slip planes into walls oriented normal to the slip planes just as 
predicted by theory, Figure 12.24. The density of dislocations p in the 
annealed specimens turned out to be related to the radius of curvature r 
exactly as predicted by Nye 23 as follows: after annealing, only edge disloca¬ 
tions of one sign should be left, the others having annihilated one another. 
The extra planes of atoms of the remaining uniformly distributed disloca¬ 
tions should just be sufficient to explain the excess of material on the long 

(stretched) side of the bent rod as opposed to its short (compressed) side. 
The predicted relation is 


1 

rb cos 6 


( 12 . 10 ) 
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Figure 12.24. Dislocations in polyganized boundaries viewed on a {111) plane of 

a crystal bent at 500°C then annealed at 700°C, CP-4 etch, 1000 X magnification. 
(After Vogel.*) 



RADIUS OF CURVATURE IN CM 

Figure 12.25. Comparison of the observed relation between dislocation densit* 
and radius of curvature for bent and annealed germanium crystals with that predicted 
by Eq. (12.10). {After Vogel*) 

where 6 is the angle between the slip plane and the neutral axis of bending 
the excellent agreement obtained by Vogel is shown in Figure 12.25. 

The etch pit technique has been used in the study of compressed germa¬ 
nium by Patel and Alexander 13 and particularly Greiner, Breidt, Hobstetter 
and Ellis; 14 indented germanium by Breidt, Greiner and Ellis; 15 and twisted 
germanium and silicon by Greiner. 17 More recently the technique has beei 
extended to a greater variety of metals and alloys which lie outside the 
scope of this book. In every case, the results have substantiated the predk- 
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tions of dislocation theory. We cannot leave this topic, however, without 
calling attention to the outstanding work of Gilman and Johnston 24 on 
lithium fluoride. The superb detail in which the operation of dislocation 
mechanisms in this material has been revealed is quite unequaled, and 
has been productive of evidence that Frank-Read sources are probably 
not the only means by which new dislocations may form in crystals. 

EFFECT OF DEFECTS ON PROPERTIES 

We turn now to an examination of the effects of dislocations and point 
defects that are specific to the properties of germanium and silicon. Con¬ 
cern will be devoted chiefly to electrical properties. For instance, we have 
already seen that jogs on dislocations act as ready sources and sinks for 
vacancies and interstitials. In fact, it is believed jogs provide the mechanism 
for the rapid attainment of equilibrium numbers of these defects at any 
temperature. The study of the interaction of these defects can be made 
in semiconductors by virtue of their differing electrical effects. 

Effect of Bombardment 

James and Lark-Horovitz 2 ' 5 initially proposed that vacancies and inter¬ 
stitials should act respectively as acceptors and donors in germanium and 
silicon. They reasoned approximately as follows. A vacancy is surrounded 
by four unsatisfied electron orbitals ordinarily used to bind the missing 
atom to its four neighbors. Up to four electrons might be added to these 
orbitals, but their mutual electrostatic repulsion would lead to a very 
large energy. Taking account of the dielectric constant of the semicon¬ 
ductors, James and Lark-Horovitz suggested that one or two electrons 
could be bound into these orbitals at energies lying in the energy gap. A 
vacancy would thus act as a double acceptor. Similarly, an interstitial 
has four valence electrons not bound into orbitals that it might lose. 
The first two such ionizations could lie in the energy gap making an inter¬ 
stitial act as a double donor. 

This general picture has been confirmed in a study of germanium bom¬ 
barded by fast neutrons carried out by Cleland, Crawford and Pigg. 2 * 5 
This bombardment should produce clusters or trails of Frenkel defects, 
in which many pairs are well dissociated. Hall measurements of the number 
of carriers and mobility charges were consistent with a model having two 
empty levels, one about 0.20 ev below the conduction band and the other 
about 0.18 ev above the valence band, and two filled levels, one about 
0.07 ev above the valence band and the other, very shallow, at about 0.01 
ev above the valence band. All energies except the last were fairly well 
fixed, but the identification as to which level belongs to which defect is 
somewhat less certain. 
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Curtis, Cleland, Crawford and Pigg 27 have also related studies of minority 
carrier lifetime that support this same picture. 

Slow electron bombardment has given different results. When bombard¬ 
ing energies are kept close to the threshold for forming Frenkel defects 
(0.7 Mev in silicon), only close-lying pairs of defects should be formed. 
1 hese pairs may interact to produce quite different electronic behavior 
from more isolated defects. Wertheim 28 has found associated Frenkel 
pairs at about 50 A separation having a net acceptor level 0.27 ev from the 
valence band and also a close pair having a net donor level 0.16 ev below 
the conduction band. He found some evidence of additional levels very 
near the two band edges. The chief conclusion to be drawn here is that 

states of association will perturb the energy level scheme of the point 
defects. 

Much of the other work on irradiation of semiconductors is well covered 
in recent review articles. 29,30,31 

Effect of Quenching 

One experiment that avoids forming associated pairs is to quench-in the 
independently produced defects that are in thermal equilibrium at high 
temperatures. Logan 32 has carried out such experiments with germanium. 
Heating for about one minute at temperatures between 700°C and the 
melting point was found sufficient to establish thermal equilibrium, 
presumably through the source-sink mechanism provided by dislocation 
jogs. Very rapid quenching was found necessary to prevent defects from 
sinking into jogs; Logan used cooling rates of the order of 10 4o C/sec. In 
the presence of 10 6 dislocations per cm 2 , introduced by plastic bending and. 
presumably, filled with jogs, he was unable to quench the defects in, even 
at these fast cooling rates. The large number of sinks on the dislocations 
apparently soaks up the defects during the quench. His defects appeared 
as double acceptor centers that absorbed two conduction electrons in 
n-type but provided only one new hole in p-type. The upper level was 
roughly localized as 0.10 to 0.20 ev below the conduction band. The be¬ 
havior found in these experiments is consistent with the existence, at the 
time of measurements, of vacancies alone. 

Any electrical effect of dislocations has so far been ignored. It will be 
seen later that under conditions of room temperature measurements 
dislocations should have nearly negligible effect on the number of carriers- 
even when their numbers are as large as 10 6 per cm 2 . 

Effect of Deformation 

Another type of experiment that has been done to show the relati. c 
between point defects and dislocations is to study the electrical effee* 
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of deformation. This process is akin to fast neutron bombardment in that 
it should produce many isolated defects, although, as we have noted above, 
they should be di-vacancies and di-interstitials. The energy levels associated 
with these defects are probably different from true point defects, but the 
general form of the James and Lark-Horovitz picture should still apply. 

Many studies of deformation have been carried out. In general, they 
have revealed that deformation does introduce acceptor centers and that 
at least some of these acceptors have energy levels well below the middle 
of the energy gap. Such levels explain the deformation-induced conversion 
of n-type germanium to p-type, as first reported by Ellis and Greiner. 
The fact that the acceptors are easily annealed out led Tweet 34 to suggest 
they might be related to point defects. A more detailed investigation by 
Greiner, Breidt, Hobstetter and Ellis 14 showed definitely that the pre¬ 
dominant part of the electrical changes induced by compression at low 
temperatures (500 to 600°C) is not related to the number of dislocations 
present and is easily and rapidly annealed out at 750°C leaving the disloca¬ 
tions behind. 

The general outline of the James and Lark-Horovitz scheme was found 
when Hobstetter and Breidt 35 studied germanium lightly compressed at 
about 500°C and rapidly cooled to room temperature. Both n- and p-types 
having various initial conductivities were examined. They found empty 
upper defect levels which reduced the conductivity when the Fermi level 
was high in the gap and filled lower defect levels which reduced the con¬ 
ductivity when it was low in the gap. When the Fermi level was near the 
gap center in p-type germanium, the conductivity was increased by de¬ 
formation. The behavior is qualitatively consistent with the energy level 
scheme derived from the neutron bombardment studies described above. 
Recent Hall measurements, as yet unreported, have been done on stretched 
germanium by Hobstetter and Renton. They show that the carrier charges 
are indeed as indicated by the above conductivity charges. The produc¬ 
tion of both vacancies and interstitials during deformation therefore 
appears confirmed. 

Effect of Annealing 

The annealing of excess point defects pumped into semiconductors by 
bombardment, quenching or plastic deformation has received considerable 
study, but interpretation of the results is, in many cases, far from clear. 
Perhaps the most straightforward result is obtained in the case of samples 
bombarded with slow electrons. This has been discussed in Chapter 6. 

Quenched-in defects, on the other hand, display very peculiar behavior. 
Logan 82 found that a significant fraction of the defects at any temperature 
is not annealed out even after very long times. The results shown in I igure 
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Figure 12.27. Number of carriers in deformed germanium as a function of 1/T°K. 
(After Pearson , Read , and Morin. 1 ) 

level somewhat above the middle, of the gap—probably about 0.18 ev 
below the conduction band. Such an acceptor is substantially empty at 
room temperature or above in n-type germanium, but would trap conduc¬ 
tion electrons at lower temperatures. Hall measurements of the number of 
carriers are given in Figure 12.27. On the other hand, such a level would 
have no effect in p-type material, which is what was observed. 

Read 36 has elaborated an interesting theory of the dislocation acceptors. 
Following a suggestion by Shockley, he attributes the level to the “dangling 
bond” configuration along the extra plane of edge dislocations. The faulty 
coordination here can be described as an unfilled orbital that can absorb 
an additional electron. It might also give up an electron, but such a donor 
level appears to lie outside the energy gap. The occupation of acceptor 
sites along the dislocations in w-type germanium will build up a line of 
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Figure 12.28. Filling of dislocation acceptors in germanium as function of tem 
perature according to Read’s 34 theory, Boltzmann approximation. The acceptor level 
is assumed 0.225 ev below the conduction band (1.7 ohm cm, n-type). (After Read 9 

negative charge which will, in turn, lead to the formation of a positive 
space charge cylinder having the dislocation as axis. Obviously, as the 
dislocation acquires charge and, with it, electrostatic energy, the acceptor 
level will rise until it reaches the Fermi level. Thereafter no further chair- 
will build up on the dislocation. Read has treated the statistics of occupati- a 
of the dislocation sites and concludes that only relatively few will be filled, 
as shown in Figure 12.28. 

Effect of Dislocations on Mobility 

Even though dislocation acceptors do not much affect the number a 
carriers in germanium, they should have some effect on the mobility if 
the carriers. Electrons moving parallel to the space charge cylinders proc- 
ably are almost unaffected by them, but these moving normal to the 
cylinders would have to wind around and through them, after be:: ^ 
scattered, so that their mobility would be reduced. This aspect of Read * 
theory has recently been examined by Logan, Pearson and Kleinman.* 
using Vogel’s method of bending to introduce only edge dislocations panJW 
to the axis of bending. Bridges were cut from the rods that permit:-;: 
Hall measurements both parallel and normal to the dislocation lines. Ti* 
dependence of number of electrons on temperature was found to be m 
agreement with an acceptor level at 0.19 ev. In addition, the mobiir^r 
parallel to the dislocations appeared unchanged, while that normal to r be 
dislocations was much reduced at low temperatures, just as Read’s the* <7: 
requires. It is to be expected, then that in a sample where dislocation 
are randomly oriented, the mobility of electrons will be somewhat reduc*^. 

Effect of Dislocations on Lifetime 

The electrons that are trapped on the dislocation acceptor sites can hr 
expected to have a large effect on the lifetime of minority carriers I* 
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other words, they should act as recombination centers, such as are discussed 
in Chapter 11. This expectation is fully borne out by recent work. Work 
has been done both on deformed crystals and those containing grown-in 
dislocation sand tilt boundaries. The over-all results indicate the lifetime 
t depends inversely on the dislocation density. 

The basic recombination process involved in n-type germanium is one 
in which electrons held on the dislocation acceptor sites annihilate excess 
holes, the dislocation being recharged from the conduction band. In p-type, 
the dislocation acceptors are normally empty at low temperatures. Re¬ 
combination then involves first the capture of an excess electron by an 
acceptor site and its subsequent annihilation by a hole. The first process 
should be the slower so that the dislocations never acquire any appreciable 
charge. At higher temperatures, some dislocation sites will normally be 
occupied by electrons and the sites available for capture of excess electrons 
are decreased and lifetime increases. 

• i • • 3 

Deformation was found to decrease lifetime by Gallagher' and Pearson, 

# V # • • 

Read and Morin' during early work on this subject. Wertheim and Pear¬ 
son 38 have made a detailed study using both n- and p-type germanium and 
introducing parallel edge dislocations by VogePs 9 bending technique. 
Their results are clearly consistent with expected behavior and give for 
room temperature lifetime in p-type: 

r = 0.7 W 1 (12.11) 

where Nd is the number of dislocations per cm 2 . In n-type the result is 

r = 2.5 Nf 1 (12.12) 

Studies also have been made of the effect of grown-in dislocations and 

• • • 39 • 

boundaries principally by Vogel, Read and Lovell,' Kurtz, Kulin and 
Averbach, 40 Okada, 41 Bell and Hogarth, 42 Hasiguti and Matsuura 43 and 
McKelvey. 44 

Except for those of Kurtz et al ., most of the results are in fair agreement 
with the Eqs. (12.11) and (12.12). It would appear that dislocations are 
an important factor in limiting lifetime in high purity germanium. 
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CHAPTER 13 


SEMICONDUCTING PROPERTIES OF SOME 

OXIDES AND SULFIDES 

A. R. Hutson 

INTRODUCTION 

Compound semiconductors have a history of application which consider¬ 
ably antedates that of their more glamorous cousins, the elemental semi¬ 
conductors germanium and silicon. Wehnelt’s use of alkaline earth oxides 
as thermionic emitters in 1903 certainly involved the semiconductivity of 
these compounds (although recognition of this fact did not occur until 
years later). And the “cat’s-whisker” contact to a galena crystal, whose 
rectifying properties played an important role in the early days of radio, 
was the natural antecedent of the point contact transitor. 

Despite these early applications, our understanding of semiconduction in 
oxides and sulfides lacks the detail and precision now characteristic of 
germanium and silicon. There are a number of reasons for this state of 
affairs. 1 he invention of the transistor provided tremendous impetus for the 
study of the elemental semiconductors. The technology involved in produc¬ 
ing large, single crystals of high purity advanced rapidly, and single crystals 
turned out to be essential for the performance of meaningful experiments. 
While the number of single-crystal studies on the compounds has been 
mpidly increasing, the recent literature still contains a great deal of hard- 
to-interpret information obtained on powder and thin-film samples. 

The oxides and sulfides are also more complicated than germanium in at 

least two respects. First, the chemical properties are more complex, for 

example donors and acceptors may be present due to slight departures from 

stoichiometry in the compounds, and these changes in stoichiometry are 

sensitive to atmosphere and temperature (see Chapter 7). Second, the 

oxides and sulfides are at least partially ionic crystals with the result that 

conduction electrons and holes may have important interactions with polar 
(optical) modes of the elastic spectrum. 

It appears at present that a profitable approach to an understanding of 
the physics of compound semiconductors lies in making maximum use of 
the concepts which have developed in the study of germanium, adding 
features such as optical-mode interactions where necessary. 

The next section of this chapter is intended to provide a critical approach 
to electrical data taken on non-single-crystal samples. The following section 
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attempts an introduction to polar vibration modes in ionic 
their interactions with conduction electrons and holes. 


crystals a 


it* 


The last three sections take up in turn the semiconduction properties os 
alkaline-earth oxides, wurtzite-zinc blende compounds, and the lead sulfide 
family. The treatment of specific compounds is intended to be illustrative 
rather than exhaustive. 4 he section on the alkaline-earth oxides in particu¬ 
lar includes brief descriptions of a number of experiments which are rela¬ 
tively uncommon in the semiconductor field. 


IDIOSYNCRACIES OF NON-SINGLE-CRYSTAL SAMPLES 

For most of the compounds discussed in this chapter, sintered powder 
specimens were the first subject of investigation. They proved useful in the 
experiments which initiated an understanding of the interplay between the 
gas phase and the semiconductor, discussed in Chapter 7. However, i 
thorough, quantitative understanding of bulk semiconductor propertied- 
such as we possess in the cases of germanium and silicon, has only been 
achieved through experiments performed on large single crystals of goo: 
quality and high purity. Because of the difficulty of producing such crystal 
of the oxides and sulfides we are forced to make use of data obtained am 
porous, poly crystalline samples in many cases. These data should be re¬ 
garded critically with an understanding of the peculiarities and pitfalls ii 
interpretation which are liable to occur for non-single-crystal specimen' 
This section will be devoted to a discussion of the peculiar properties of 

non-single-crystal specimens illustrated by some examples from the litera¬ 
ture on oxides and sulfides. 

Many investigations of the semiconductive behavior of these compound 
have utilized specimens with densities considerably less than the cor¬ 
responding density of a single crystal. These specimens are often produce 
by pressing and/or sintering a microcrystalline powder. It has frequent - 
been tempting to think of these specimens as being homogeneous except 
for a sprinkling of voids something like a Swiss cheese. In terms of sud. 
a model, quantities such as bulk conductivity or dielectric constant 
assumed to be calculable from the actual measurements by simply applying 
a multiplicative factor of the order of (crystal density/sample density L 
This sort of analysis has only a small probability of being correct. 

The difficulty with the “Swiss cheese” model arises because the individual 
crystallites are generally covered by a surface layer whose electrical proper¬ 
ties are significantly different from those in the interior. These surfed 
layers may be due in part to slow diffusion of impurities or imperfection 
in or out when the sample is not in equilibrium with its atmosphere. How¬ 
ever, the primary cause of such surface layers is the presence of an electrk^i 
charge on the surface balanced by a space charge of opposite sign in xzr 
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in Chapter 16. For our purposes, a brief description will suffice. 

A positive surface charge, usually the result of reducing conditions in the 
am 'lent, is balanced by a negative space charge of conduction electrons or 
by ionized acceptors uncompensated by conduction holes. The material 
close to the surface is then more rc-type or less 71 -type than the bulk. Simi¬ 
larly, a negative surface charge, resulting from oxidizing conditions in the 
ambient, , 1 s balanced by a positive space-charge resulting in a surface layer 
which is less n-type or more p-type than the bulk material. The surface is 
said to have an exhaustion layer when conductivity is reduced at the sur¬ 
face and an enrichment layer when it is increased at the surface. Extreme 
cases sometimes occur where the surface layer exhibits conductivity of 
opposite type to that of the bulk—this is called an “inversion layer.” The 
depth of these surface space charge layers depends upon parameters of the 

semiconductor such as donor and acceptor concentration and dielectric 
constant, but usually turns out to be of the order of 10“ 4 cm. 

Electrical Conductivity 


These surface effects are generally of small importance for large single 

• • /* • — ^ semiconducting proper¬ 

ties of sintered powder samples. A magnified cross section of a sintered powder 

rr? A Sh °T in FigUre 13L The s P ace charge layer is indicated by 
the shaded border surrounding the individual crystal grains. At the points 

ot contact between the grams some sintering is assumed to have taken place 

so that the grams are connected by thin necks. The neck diameters are 

comparable with the depth of the space-charge layer. Suppose that the 

crystallites are n-type and an exhaustion layer has been formed (The 

bands have been bent up away from the Fermi level at the surface by the 

adsorption of negative ions such as oxygen.) An expanded view of one of 



charge"region,' ^ S6Cti ° n ° f a SampIe ’ shadin ^ indicates surface space- 
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Figure 13.2. Cross section of a connecting “neck” of a sintered sample and energy 
band diagrams corresponding to three cuts across the neck. 


the necks and energy-band diagrams at three cross sections are shown in 
Figure 13.2. This neck is perhaps a little smaller than the space-charge depth 
so that the electron concentration is vastly reduced below its bulk value 
over the entire cross section of the neck. If one now measures the conduc¬ 
tivity of a sample in which most of the interconnecting necks are of this 
type, the resistance and voltage drops will be entirely localized at th- 
necks, i.e., one measures only the properties of the necks. Since the position 
of the Fermi level with respect to the conduction band in the necks is con¬ 
trolled by the surface charge, the observed behavior of the “conductivity* 
of these sintered samples as temperature or gas ambient is changed may l* 
entirely due to changes in surface charge. Straight lines on log conductivity 
vs. reciprocal temperature plots may be more closely related to activation 
energies for adsorption at the surface than to any process occurring withi* 
the crystallites. This same behavior can also occur for material with p- tyr*r 
bulk conductivity due to the presence of a resistive surface layer produced 
by a positive surface charge. 

It may turn out that the surface charge tends to produce an enrichment 
layer, in which case most of the current follows easy paths of surface con¬ 
duction through the sample. Again, measurements of over-all conductivity 
may tell us little or nothing about the bulk semiconducting properties c 
the material. The extreme case of an inversion layer, in which the condor- 
tivity type of the surface layer differs from that of the bulk, can give par¬ 
ticularly perplexing results. 

A striking example of the behavior of samples with surface conductivity! 
type differing from that of the bulk may be found in the behavior of 
sulfide films. These are thin polycrystalline layers of PbS which have bem 
deposited on a nonconducting substrate. The individual crystallites hiT*? 
dimensions of the order of 10~ 4 cm. These films serve as sensitive infrared 
photoconductive detectors when given an oxidizing treatment which 


































































































PROPERTIES OF SOME OXIDES AND SULFIDES 


545 





p n p n p 

(b) 




Figure 13.3. Energy band diagrams illustrating the barrier model for lead sulfide 
films, (a) Partially developed barriers, (b) completely developed barriers, (c) over¬ 
developed barriers. (After Slater." 2 ) 

suits in a p-type skin on the n -type crystallites. The interpretation of meas¬ 
urements on these films has had a stormy history, which has been sum¬ 
marized by Rittner, 1 and is still the subject of considerable disputation. 
Slater 2 has described the major features of a barrier theory of these films. 

Energy band diagrams of Slater’s barrier model showing the over and 
under oxidized cases as well as the optimum barrier development are shown 
in Figure 13.3. For the fully developed barriers, the dark conductivity is 
less than one would expect from intrinsic PbS, since only those parts of the 
hole and electron populations which have kinetic energy greater than the 
barrier heights will be effective. Furthermore, the slope of a log conduc¬ 
tivity vs. 1/T plot for the films turns out to be equal to the energy gap 
(0.37 ev) rather than half the energy gap which one would expect for in¬ 
trinsic material. (At sufficiently low temperatures the conductivity slope 
levels out somewhat, presumably due to the presence of a few devious shunt 
paths which avoid the barriers.) For either the over- or under-oxidized 
films, the dark conductivity is higher and has a smaller slope. The concen¬ 
trations of donor and acceptor impurities in the n and p regions respec¬ 
tively have to be of the order of 10 18 cm -3 for complete barrier develop¬ 
ment. 

According to Slater, the increase of conductivity upon illumination of 
these films with light of photon energy greater than 0.37 ev can be explained 
as follows. Hole-electron pairs are produced by the light, electrons drift to 
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the n side of a barrier and holes drift to the p side. The resulting negative 
and positive space charge regions on either side of the barrier tend to reduce 
the barrier height. When barriers throughout the film have been lowered, 
the conductivity appears higher. This barrier modulation view of the photo- 

3 # 

conductive process has been disputed by Woods on the basis of measure¬ 
ments of the Hall effect and resistivity of PbS films as a function of il¬ 
lumination. He found the proportional change in Hall constant equal to the 
proportional change in resistivity upon illumination, indicating no change 
in the Hall mobility. His room temperature value of Hall mobility, how¬ 
ever, was only 5 cm 2 /volt sec compared with 300 cm 2 /volt sec observed 
for either holes or electrons separately in single crystals of PbS with donor 

• • IS ~“3 4 

and acceptor concentrations as high as 10 cm . 

Hall Effect 

The interpretation of Hall effect data taken on inhomogeneous samples is 
risky at best. There is general agreement that values of mobility obtained 
from the product of Hall constant and conductivity bear little relation to 
the mobility which would be observed in a good single crystal. Volger 0 and 
Miller 6 assert that in a sample composed of crystallites of good conductivity 
(high carrier concentration) separated by thin regions of low conductivity, 
the Hall constant, R , is a fair measure of the carrier concentration within 
the crystallites. However, since the conductivity is controlled by the low 
conductivity regions, the product Rcr is much less than the actual mobility. 
The dominance of the high conductivity regions in determining R come* 
about because the higher Hall fields arising in the low conductivity regions 
are shunted by the high conductivity material. In samples such as Pb^ 
films where high conductivity regions of both n- and p-type are assumed 
to be present, it is very difficult to predict even the sign of the Hall con¬ 
stant. 

Thermoelectric Power 

It has sometimes been claimed that measurements of thermoelectric 
power made on powder samples give results which are characteristic of tbs 
bulk material.* Let us first consider a sintered sample, similar to tha: 
illustrated in Figure 13.1. The temperature-gradient along such a samp- 
may be macroscopically uniform, but the detailed variation will depend 
upon the mechanism of thermal conductivity. At high temperatures radia¬ 
tion is an important conduction mechanism and may sufficiently “shi et 
out” the high thermal impedance of the narrow necks so that effectively 
all of the temperature gradient occurs in the crystallites. In this case tb* 

* The relationship between thermoelectric power and the position of the Ferni 
level in the energy gap is discussed on pp. 42 and 370. 
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hermoelectric power would be characteristic of the bulk material within 
he crystallites. A gas atmosphere might also serve to thermally “short” 
The necks. At lower temperatures and in vacuum, however, a large fraction 
«: the total temperature drop through the sample might be localized at the 
ks so that the measured thermoelectric power would be unduly weighted 
by the energy difference between the Fermi level and the conduction band 
■existing in the necks, hence sensitive to surface conditions. 

The phonon-drag* term in the thermoelectric power (which is usually 
iportant only below room temperature) will probably be much smaller in 
sintered powder specimens than it is in large single crystals, and may be 
expected to depend upon crystallite size. This comes about because the 
phonon-drag effect is proportional to the mean free path of long-wave- 
length acoustical phonons.' The phonon mean free path is limited by 
phonon-phonon collisions and hence increases with decreasing temperature 
until it becomes comparable with the sample dimensions, where scattering 
■a the phonons by the sample boundaries establishes a limit. In large single 
orystals (dimensions greater than 0.1 cm) this limit has not so far been 
encountered above about 75°K. However, the boundary scattering limit 
may well be effective at room temperature for crystallites with dimensions 
of the order of 10 4 cm. 


IHelectric Constant 

An accurate value of the static dielectric constant is needed in order to 
mderstand carrier mobility and the energy levels of shallow donors and 
acceptors. Ideally, it should be measured using a single crystal with uni¬ 
formly low conductivity as the dielectric of a simple capacitor. However, 
for many of the compounds, suitable single crystals have not been available. 
As a result, much of the data in the literature has been obtained on powder 
samples and should be regarded with suspicion. 

If a sample made up of crystallites of relatively high conductivity 
covered by resistive skins is placed in a capacity cell, the conductivity 
current across the cell may well be small enough so that capacity and loss 
tangent can be measured on an a.c. bridge or Q meter. It is then tempting to 
compute the dielectric constant on the basis of a geometrical correction for 
the porosity of the sample, perhaps even involving a solution of the electro¬ 
static problem of the field configuration for a packed dielectric spheres or 
spherical cavities in a dielectric medium. One need only consider the ex¬ 
treme case of a “sample” made up of varnished ball-bearings packed be¬ 
tween the capacitor plates to realize the uncertainties involved in interpret¬ 
ing measurements on powder samples. 

Another method of measuring the dielectric constant of powders is the 


* A discussion of the origin of this term may be found on p. 371. 
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immersion-substitution technique. Dielectric liquids or liquid mixtures 

avm g a spectrum of dielectric constants are assembled. The powder is then 

suspended in each of the liquids and the capacity of the suspension is mea«- 

ured in a dielectric cell. The liquid whose capacity remains unchanged upon 

addmg the powder ls then assumed to have the same dielectric coL.nL 
the do wrier. A van^nf of rKio -• j_i. . ^ • 


whose 


i. , , . . -10 unc use ui a single liquid w 

dielectric constant varies with temperature over a suitably large range 

mente oMh^T^T, T*** ° f ^ Wide dispari1 * possible in 
ments of the static dielectric constant. One of the most widely quoted 

and dUe °, 1 , lhn ’ who packed Zn0 Powder into a cylindrical capacitor 
and measured the capacity and losses with a Q meter as a function of 

packed density, obtaining the value * = 12. Kamiyoshi 9 and Smith 10 also 
measured the capacity of packed powder samples, but applied different 
corrections for sample porosity yielding * = 8.5 and k = 8.1. The substitu¬ 
tion method was employed by Glemser 11 who added ZnO powder to mix¬ 
tures of benzene and nitrobenzene in a liquid cell, obtaining a value of 36 5 
Soos measured the standing wave pattern obtained by reflection of elec- 
romagnetic radiation at X = 5 cm from a pressed slab of ZnO and reported 


_ .— - T-oiau ui ana reported 

t • 1 7 , 9 - " mce , he powder samples of zinc oxide probably consist of rela¬ 
tively high conductivity crystallites with high resistance skins, it is difficult 

to say which, if any, of these results is correct. It is, therefore, greatlv 
preferable to measure the dielectric constant of a single crystal as hv 
recently been accomplished by Hutson and Benedict. 13 The zinc oxide crv- 
tals were m the form of needles, about .02 cm in diameter and 1 cm long 
and had conductivities of the order of .01 ohnH 1 cm- 1 . They were thS 
unsuitable for low-frequency capacity measurements. Instead, a crystal was 
inserted in a 1 cm microwave cavity with the needle axis parallel to the 
electric field, the dielectric constant and conductivity could then be ob¬ 
tained from the change of cavity resonant frequency and Q using the Beth* 
Schwinger perturbation theory. The result was * = 8.5 for electric polariza¬ 
tion along the c-axis of ZnO. An account of this method may be found ‘ 
the article by Birnbaum and Franeau. 14 Microwave frequencies are gen¬ 
erally satisfactory for the measurement of the static dielectric constant of 
oxides and sulfides since the lowest dispersion frequency lies in the infrared 

Pore Conductivity 

So far, the interstices between the crystallites of a powder sample hav- 
been considered as perfect insulators. An important exception to this rule 
occurs for barium and barium-strontium oxides above 700°K These semi 
conducting compounds have very low work-functions (of the order of 1 ev 
when properly prepared or “activated”). It is this property which account 


PROPERTIES OF SOME OXIDES AND SULFIDES 


549 


TEMPERATURE IN DEGREES KELVIN 



1000/T °K 

Figure 13.4. Conductivity of an oxide cathode, plotted as log a vs. 1 /T, showing a 
small slope characteristic of bulk conductivity at low temperatures (region I), a 
large slope characteristic of pore conductivity at intermediate temperatures (region 
//), and a decrease in slope due to space-charge at high temperatures (region III). 
(After Loosjes and Vink. 15 ) 

for their wide application as the thermionic emitting cathode in vacuum 
tubes and the considerable study of their properties. 

The key to the complex behavior of the electrical conductivity of these 
oxides was discovered by Loosjes and Vink 15 in 1949. Their measurements 
of electrical conductivity over a wide range of temperature showed three 
different regions when displayed on a log a vs. 1 /T plot. A typical plot from 
their paper is shown in Figure 13.4. At low temperatures (region I) the 
temperature dependence of conductivity is low. At temperatures between 
700°K and 1000°K (region II), the temperature dependence is much higher, 
and above 1000°K (region III) the temperature dependence decreases once 
more. Considering first just regions / and II, they resolve the conductivity 
in two parallel mechanisms, each depending exponentially on temperature, 

o- = o-i + <r 2 = o- 0 i exp ( — q$i/kT) + a 0 2 exp ( — q$ 2 /1cT). (10.1) 

The first mechanism is attributed to the semiconductivity of the crystallites 
and interconnecting necks, and has an activation energy of about 0.1 ev for 
BaO-SrO containing a sufficient number of donors, i.e., well-activated. 
The second mechanism is conduction by the electron gas present in the 
interstices or pores which is a result of the thermionic emission of the oxide 

crvstallites. 

%/ 

Loosjes and Vink substantiate their theory of pore conduction with some 
additional experimental evidence: the activation energy of the second 
mechanism is the same as the thermionic work-function within the experi¬ 
mental accuracy. The magnitude of the pore conductivity is reasonably 
predicted by the thermionic emission obtainable from the cathode and an 
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estimate of the average pore dimensions. The current-voltage relationship 
is linear (ohmic) in region /, but the current becomes proportional to the 
square-root of the voltage as voltage is increased for the second mechanism 
up to about 950°K. This square-root dependence is predicted by the pore- 
conduction model when the velocity gained by the electrons in the field is 
greater than their thermal velocity. 

The decrease in the slope of the log a vs. l/T plots at high temperatures 
(region III) is attributed to the build-up of an appreciable space-charge in 
the pores—the pore conductivity becomes essentially space-charge limited- 
This space charge also shortens the effective free-path length for the pore 
electrons so that the current-voltage relation becomes linear again. Meas¬ 
urements of thermoelectric power, Hall effect and magnetoresistance cor- 

• • 16 

roborate the pore-conduction mechanism. Young observed both the elec¬ 
trical conductivity and the thermoelectric power, Q, of porous (BaSr O 
cathode material from room temperature to 1000°K. The conductivity 
showed the temperature regions I and II as in Figure 13.4. Young’s thermo¬ 
electric power data are shown in Figure 13.5. The large increase of Q in th- 
vicinity of the change of slope of the conductivity temperature dependenor 
is precisely what one would expect. The thermoelectric power of the bulk 


conduction process is 
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and that of the pores is 
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Here E c is the energy at the bottom of the conduction band, E F is the F 

energy, E vac is the energy of an electron in the vacuum space just out 

the surface and <p is the work-function. Since the two conductivity m 

anisms are effectively parallel, the measured Q will be largely determined b*r 

the mechanism of greatest conductivity, as the other mechanism will 

shunted. Hensley 1 ' derives these expressions for the thermoelectric po 

in his discussion of the properties of porous semiconductors. 

The Hall effect and magnetoresistance are particularly sensitive to 

presence of pore conductivity. Forman 18 has carried out the most exten 

investigation of these effects on porous (BaSr)O cathode material. 

6 2 

1000°K he observed Hall mobilities of the order of 10' cm /volt sec a 





increase of resistance by a factor of 10 upon application of a transv 
magnetic field of 500 gauss. Surely there could be no more dramatic 
that one is not dealing with a bulk semiconduction process. Forman 
extended the theoretical treatment of the pore-conduction mechanism 1 
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Figure 13.5. Thermoelectric power of an oxide cathode showing the transition 
from bulk to pore conductivity. (After Young. 16 ) 

include the magnetic effects and achieves agreement with his experimental 
observations commensurate with the approximations needed to make the 
problem mathematically tractable. These large magnetic effects decreased 
swiftly as the temperature was lowered through the region of transition 
between pore-conduction and bulk conduction, until at 500°K no measur¬ 
able change of conductivity was observed with a magnetic field of 1000 
gauss. 

THE ROLE OF LATTICE POLARIZATION 

Polar Vibrational Modes and Conduction Electrons and Holes 

For the elemental semiconductors the mechanisms of electron scattering 
which determine mobility have been discussed in Chapter 8. These in¬ 
cluded scattering by the acoustical vibrations of the lattice, charged and 
neutral impurity centers, and dislocations. All of these scattering mech¬ 
anisms are no doubt present in some degree in the ionic and partially ionic 
compounds, there is, however, an additional scattering mechanism in 
~hese compounds which in many cases may be expected to play the dom¬ 
inant role in determining mobility. This is optical mode scattering. In 
order to understand how this scattering arises, we shall briefly describe the 
dielectric and vibrational properties of more-or-less polar compounds. We 
shall not derive the formulas currently in vogue for optical mode scattering 
mobility, but only try to provide an intuitively satisfying physical picture. 

A characteristic feature of those compounds which have ionic character 
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Figuie 13.6. Schematic plot of the dielectric constant of a polar crystal as a func¬ 
tion of frequency. Lattice dispersion occurs at coi in the infrared and electronic <L- 
persion occurs at co 2 in the visible or ultraviolet. 


is that the static dielectric constant, k, is greater than the square of the 
optical index ol refraction. A typical plot of dielectric constant against fre¬ 
quency is shown in Figure 13.6. The dielectric constant is k from static field? 
to a frequency region coi in the infrared where absorption and reflection ar- 
high. From aa to the dielectric constant is k^ = n 2 . The frequency ^ 
the fundamental absorption edge where /ko 2 is the energy required to excite 
an electron from the valence band to the conduction band. This beha vkc 
of the dielectric constant suggests that the polarization of the crystal in ^ 
electric field may be considered in two parts 


P = Pi + P: 


(13.4 


which obey harmonic oscillator equations with frequencies coi and a*>. Tbe 
frequency o> 2 can be thought of as characteristic of the elastic displaceme z 
of the valence electrons relative to the stationary ion cores, and a* t$ 
characteristic of the elastic displacement of positive and negative 
with respect to each other (allowing for some accompanying adjust 
by the valence electrons). Ihe frequency coi depends upon the masse^ 


rium positions. It is, therefore, part of the vibrational spectrum of 


equiir- 


whki 


the two atoms in each unit cell move with opposite phase are termed 


nf ran-: 


(at frequency a>i) is due to the resonant excitation of some of these moc 
by the electromagnetic radiation. (Crystals such as germanium with r 
atoms per unit cell possess vibrational modes of the same type, which 
also called optical modes though there is no associated polarization 
infrared dispersion since the atoms do not differ in charge.) 

The elastic spectrum of frequencies vs. wave numbers q = (2x X 
made up of acoustical modes, in which the two atoms of the unit c 
move essentially in phase, as well as optical modes. The optical and 
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Figure 13.7. Relative displacements of “atoms” over one wave length in the 
different modes of vibration of a one-dimensional model of an ionic crystal. Note the 
polarization, indicated by P, which results from the out-of-phase displacement of 

positive and negative “atoms.” 


tical branches of the spectrum may each be further subdivided into longi¬ 
tudinal and transverse vibrations. The complete vibration spectra of most 
real crystals are rather complicated, and in most cases are not known in 
detail. The important features of the vibration spectrum may be more 
simply illustrated by the behavior of a “one-dimensional crystal” made 
up of equal numbers of balls (atoms) of masses M and m arranged alter¬ 
nately on a line and connected by springs.* Instantaneous pictures of the 
displacements of the atoms over one wave length in the various modes of 

vibration are shown in Figure 13.7. 

The directions of the resulting polarization are shown for the optical 
modes. The optical modes of very long wave length amount to a displace¬ 
ment of the lattice of positive ions with respect to the lattice of negative 

ions. . . . 

The frequency vs. wave number relation typical of either the longitudinal 

or the transverse vibrations is shown in Figure 13.8. The expressions given 
for the limiting frequencies of the two branches contain (}, the spring con¬ 
stant appropriate to either the longitudinal or the transverse displace- 


* A discussion of lattice vibrations in terms of this simple model was first given by 
M. Born and Th. von Karaite, Physik. Zeit. 13, 297 (1912). The solutions for the 
normal modes of such a linear lattice are worked out in F. Seitz, “Modern Theory o 
Solids” (McGraw Hill, 1940), sect. 21; M. Born and K. Huang “Dynamical Theory ot 
Crystal Lattices,” (Oxford, 1954), sect. 5; and C. Kittel, “Introduction to Solid State 

Physics,” 2nd Edition (Wiley, 1956), Chapt. 5. 
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Figure 13.8. Frequency vs. wave number relation for the one-dimensional model 
of an ionic crystal. 

merits. The entire frequency spectrum lies between the limits q = 0, (in¬ 
finite wave length), and q = ir/a where the wave length is twice the uni: 
cell dimension and hence neighboring unit cells are vibrating in opposite 
phase. (The double-valued relationship between co and q and the range c< 
forbidden values of o> between the two branches are in close analog}’ to 
the spectrum of energies obtained for the behavior of an electron in a 

periodic potential in Chapters 1 and 8.) 

The spectrum of a real three-dimensional crystal is expected to be simi¬ 
lar to that shown in Figure 13.8. The frequency and wave number for long¬ 
wave modes of the acoustical branch bear the relation w = cq where c is 
the velocity of sound. The frequencies of the optical branch are of the 
order of 10 13 sec -1 , and for long wave lengths may be considered to 
approximately independent of wave number. 

An important relation exists between the frequencies of the longitudinal 
and transverse optical vibrations of polar crystals in the long-wave limit. 
The frequency of the longitudinal mode is greater than that of the tran- 
verse mode. This is the result of charge concentration at the nodes which 
occurs for the longitudinal but not the transverse vibrations. Schematic 
diagrams of the polarization over one wave length for transverse and loi _ 
tudinal modes are shown in Figure 13.9. The charge concentration provide* 
an additional restoring force counteracting the displacements in Ac- 
longitudinal modes and hence raising their frequencies. A rigorous deriva¬ 
tion of the relation between longitudinal and transverse frequencies by 
Lyddane, Sachs, and Teller 20 taking into account the polarizabilities amc 
effective charges on the ions yields 



for wave lengths which are very long compared with a unit cell dimerw 
(q = 0), but still short compared with the dimensions of the sample. 

_j 
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Figure 13.9. Relation of crystal polarization (shown by arrows) to wave vector 
for transverse and longitudinal optical modes. The charge concentration at the nodes 
is indicated for the longitudinal vibration. 


Electromagnetic radiation consists of transverse waves, the electric 
field vector being perpendicular to the wave vector. It will therefore excite 
only transverse polarization waves* (see Figure 13.9). In particular, it 
will only excite modes of very low q since the electromagnetic waves whose 
frequencies correspond to those of the optical vibrations have wave lengths 
in the range 20 m to 100m or about 10 4 times the dimension of the unit cell. 
Therefore, of (13.5) corresponds to the dispersion frequency of Figure 
13.6 and may be obtained from measurements of reflection (reststrahlen) 
or absorption in the infrared. (Actually, the peak value of reflection occurs 
at a frequency slightly different from cot, but this need not concern us here.) 

Just as electromagnetic radiation interacts with the optical vibrations 
by polarizing the lattice, a free charge such as a conduction electron also 
interacts with the optical vibrations. The free charge, however, interacts 
only with the longitudinal modes. This may be seen qualitatively by con¬ 
sidering the way in which a localized negative charge polarizes the lattice. 
It will attract the positive ions and repel the negative ions resulting in a 
region of excess positive charge due to lattice displacements in the region 
surrounding the free charge. In Figure 13.9 one can see that longitudinal 
polarization waves can give rise to a localized excess charge whereas trans¬ 
verse waves cannot. The lattice polarization about the free charge can 
therefore be thought of as an instantaneous superposition of only longitudi¬ 
nal optical modes of vibration. A conduction electron is not a point charge, 
however, but a wave packet with mean wave length X = h/p = h/(2m E) 

* When the vibrations are either pure longitudinal or pure transverse. 
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with polarization waves of nearly equivalent wave length, and since A for 

I 1 1 ^ A _ 


dimensions 


the important optical modes are those with q ^ 0. Thus the frequency :c 

i i > • i i .... • 


- --- ^ \J±\S±± \y± ± VXVJ11. \XCXiVjC i CtllU. 

and low frequency dielectric constants using the relation (13.5). 


hole> 
e hick 


The Coupling Constant 


longitudiiiiJ 


optical modes and the conduction electrons is an important parameter : 


the 


theory as a dimensionless parameter, a, called the “coupling constant 
A simple (though inexact) derivation of a, due to Frohlich, 21 ’ 22 will 
to illustrate how the various quantities enter the theory. 


P 


%/ O-— KSC 111U lllUUV;UO CXj l£j<A 

= Pi + P 2 in its surroundings, where P t is that part of the polariza 
arising from distortions of the lattice of the positive and negative i 

riii /ba. a . 


t km 



1 ne energy oi interaction of the electron with Pi is the difference in to~i^ 
energy between the condition in which the electron is surrounded by 
induced lattice polarization and an imaginary condition in which the * 

tron and the polarization field are separated. From electrostatics,* this- 
energy is given by the volume integral 



- / Pi 

€0 J 


•D dV 


(11*} 


where 


D 


Q 


47r r 2 


(1.17 


is the electric displacement field about the electron. 

From the definitions of the two components of polarization, and 
static and high frequency dielectric constants; 



Pi 


The interaction energy is then 


D 




(13LSI 
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47rr dr 
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* These electrostatic equations are given in mks rationalized units. They mar 
converted to cgs unrationalized units simply by replacing €o by (1 /4tt) . 



PROPERTIES OF SOME OXIDES AND SULFIDES 


557 


where R is the radius of a small sphere surrounding the electron inside 
which the lattice is unpolarized. The magnitude of R depends upon the 
velocity, v , of the electron in two ways. First, at distances closer than 
- ui , the lattice is unable to follow the motion of the electron. Second, 
the electron is not a point charge, but has a linear dimension of the order 


of its wave length X 


h/m*v where m* is an effective mass which takes 


into account the effect of the periodic potential. 
Thus, there are two conditions on R : 


R > 


v 


on 


and 




h 


2 m*v 


(13.10) 


The maximum interaction energy will then be obtained when these two 
conditions on R are identical; i.e., R = (h/2m*a>i) 112 . The coupling constant, 
a, is the ratio of this maximum interaction energy to the energy, fuai , of 
one quantum of optical vibrational energy (one optical phonon). 

When both the electrons and the optical vibrations are treated quantum- 
mechanically, the result is the same to within a numerical factor (tt/ 2) 1/2 
so that if one substitutes R = 


(h / wm* coz ) 1 ' 2 in (13.9) and divides by Tiui , 


one obtains 


a 


* 

Q 


4re 


0 



1 

f 




(13.11) 


The polarization properties of the lattice have been treated as though it 
were a dielectric continuum, and this is a good approximation since R 
is usually quite large compared with a lattice dimension. 

From the simple discussion given above, one can see that a is a measure 
of the number of optical phonons which a slow electron carries along. The 
electron plus its cloud of associated optical phonons is often treated as a 
single entity called a “polaron.” The polaron is free to wander through 
the lattice just as a conduction electron in a nonpolar semiconductor. It 
has an effective mass which is somewhat larger than that which the bare 
electron would have due to the periodic potential of the rigid lattice, and 
it can be scattered by changes in the number of accompanying optical 
phonons, (phonon absorption and emission). The old idea, due originally 
to Landau,* that an electron could be trapped in one locality by lattice 
polarization has been considered by Frohlich, Pelzer, and Zienau 21 and 
found to be incorrect in the case of the broad conduction band where the 
effective mass approach is valid. It may, however, play a role in the nar¬ 
row-band conduction phenomena discussed in Chapter 14. 


* L. Landau. 23 A discussion is given in Mott and Gurney, 24 Chapt. III. 
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Optical Mode Scattering 


There have been two theoretical approaches to the calculation of optical- 
mode-scattering mobility. The first was a perturbation-theory approach 
due largely to Frohlich and Mott 20 and to Howarth and Sondheimer. 26 In 
its present form, this theory is valid at all temperatures but formally re¬ 
quires that a should be much less than unity. The second is an “interme¬ 
diate-coupling” theory due to Lee, Low, and Pines, 27,28,29 * which is valid for 
a as large as 6, but is restricted to temperatures such that kT < fan . A 
brief comparison of the two theories is given by Petritz and Scanlon 3 °t in 
connection with a mobility study. Both theories yield expressions for the 
conductivity relaxation time, r. At very low temperatures, (kT « fuoi 
and for a « 1, both theories reduce to the same expression for r, 

- = 2 aui exp (-Z) (13.121 


where Z = (fu*i/kT) = (i 9 t /T ). 

Prom Eq. (13.12) one can see that the rate at which electrons are scat¬ 
tered by the optical vibrations is proportional to the coupling constant, 
the frequency (or energy) of the optical phonons, and the number erf 
phonons present due to thermal excitation. 

The complete perturbation theory expression for the optical-mode-scat¬ 
tering mobility is 


(Pert.) fi 


1 JL 8 x(Z) exp (Z - 1) 
2a^m*’3v / 7r’ Z m 


(13.13} 


The function x(Z) is shown in Figure 13.10. For very low temperatures. 
x(Z) goes to (f) ( 7 rZ) 112 . Eq. (13.13) is the result for a nondegenerate elec¬ 
tron gas in the conduction band or hole gas in the valence band. 

The intermediate-coupling expression for optical-mode-scattering mobil¬ 
ity is 


(PC.) g = 





f(a ) exp Z 


(13.14 


Here/(a) is a slowly varying function which is shown in Figure 13.11. 

The effective mass of the polaron, m {P \ appears in Eq. (13.14), and it 
may be taken to be 22,28 

m {P) = m*[ 1 + a/6] (13.13 

* The first paper treats the energy and effective mass of the polaron, and the 
ond and third treat the scattering of polarons. There are two errors in the seco»£ 
paper: H rather than h should appear in the denominator of the expression fora. 
the mobility should contain an additional factor (1 + a/6) _1 . 

f These authors were not aware of the additional factor (1 + a/6) -1 which appe^r- 
in Ref. 29. 





PROPERTIES OF SOME OXIDES AND SULFIDES 


559 


xm 


z=V T 

Figure 13.10. The slowly varying function x(Z) appearing in the perturbation 
theory of optical mode scattering (Eq. 13.13). 


f(«) 


a 

Figure 13.11. The slowly varying function/(a) which appears in the intermediate¬ 
coupling theory of optical mode scattering (Eq. 13.14). 

Since the polaron is the electron plus its cloud of accompanying phonons, 
it is reasonable to find that the inertial mass in the mobility expression 
is just the polaron mass. In the perturbation theory, m* is the inertial mass 
since a is assumed to be small from the beginning. 

The two theories are actually not very different for the ranges of the 
parameters a and Z which will be of greatest interest here. 

From a comparison of the two theories, it appears that the formal re¬ 
quirement for the validity of the perturbation theory that a <<C 1 is un¬ 
necessarily strict and that the theory is still valid for a ^ 1. Since the inter¬ 
mediate coupling theory is limited to the range T « 6 t , the perturbation 
theory, which is not so severely limited in temperature, may be more useful 
in many cases. 

When it comes to an actual comparison between theory and experiment, 
other uncertainties of a more fundamental nature are present. In order to 
calculate the expected optical-mode-scattering mobility according to either 
theory, one requires independent knowledge of the effective mass, m*. 
Estimates of m* have been made in a few cases from the density of states 
at the conduction or valence band edges or from the ionization energy of 
“hydrogen-like” shallow bound states. Such estimates are always subject 
to doubt due to the probability that the edges of the conduction and valence 
bands are not simply describable by a single scalar m*. (Even, if the com¬ 
plete knowledge of the mass tensor from cyclotron resonance were avail¬ 
able, it would be a difficult task to make use of that knowledge since the 
present theories of optical-mode scattering consider only a single scalar 
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Table 

13.1 




NaCl 

KCl 

KBr 

KI * ■ 

n (cm 2 /volt sec) 

250 

100 

110 

155 

T° K 

84 

90 

84 

84 

m*/m 

0.55 

0.6 

0.35 

0.35 

ra (P) /ra 

0.8 

0.9 

0.71 

0.5 


mass 


can be estimated, the coupling constant is usually not so large that the 
optical-mode scattering completely dominates the mobility. At low tem¬ 
peratures impurity scattering may be dominant, and as the temperature 
is raised, acoustical-mode lattice scattering (/*„ ^ T -3/2 ) is probably mixed 
with the optical-mode scattering. 

The alkali halides have the largest coupling constants (a = 3 — 6), a 
so may not show the effects of other scattering mechanisms. Since they 
will not be discussed elsewhere in this chapter, it may be appropriate to 
mention a study of their electron mobilities here. Redfield 31 succeeded in 
measuring the Hall angle for electrons excited from F -centers into th-r 
conduction band by pulses of light. He compared his results with the 
intermediate-coupling theory at temperatures small compared with 0 t 
(deducing in the manner outlined above), and arrived at values for 
m* and m (P) for a number of the alkali halides by substituting (13.11 
and (13.15) in (13.14). His results are shown in Table 13.1. In making th > 
comparison, he has assumed that optical-mode scattering is the only im¬ 
portant mechanism determining mobility. This is a reasonable assumption, 
but one which is difficult to prove conclusively. Redfield’s analvsis of t:.- 


temperature dependence of mobility in the halides indicates that it is dot 
inconsistent with an exp (di/T) dependence, but he remarks that “This 
agreement is probably fortuitous and should not be regarded as a confirma¬ 
tion of the theory; the data are not good enough.” The values of effective 
mass are also reasonable, but independent determinations are not avail¬ 
able as a check. 


Polarons and Bound States 

The effective mass approximation has been used with considerable 5 
cess in describing the shallow bound states of donors and acceptors 



silicon and germanium. The electron or hole behaves as though it has t im 
effective mass characteristic of states at the band edge and is held in 
attractive field of the single charge on the donor or acceptor reduced 'y 
the polarizability of the medium. This results in an ionization energy 
m*/mK times that of the hydrogen atom. Actually the picture is some 
complicated by the anisotropy of ra* and by the fact that the part of 
bound electron or hole wave function within the central unit cell experi 
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an electric field unshielded by polarization. The latter complication, the 
central cell correction, raises the binding energy, but it is a small correc¬ 
tion as long as the wave-function is spread out and the binding energy is 
low. 

The same picture is applicable to the shallow bound states in the par¬ 
tially ionic semiconductors with one modification. Since a slowly moving 
conduction electron or hole is best described as a polaron, the effective 
mass to be used in determining the binding energy should be the polaron 
mass. Thus, the binding energy is 



13.62 [m {P) /m) 


ev 


(13.16) 



where the “greater-than-or-equal-to” sign indicates the possibility of a 
central-cell correction. This may be expected to be a good approximation 
for E B < kdi , since the portion Pi of the polarization can follow the motion 
of the electron, as discussed by Herring. 32 

One difficulty in applying Eq. (13.16) to even the very shallow levels in 
our materials is the implicit assumption of a simple band structure with 
an isotropic effective mass. 

If the binding energy is larger than kdi the concept of a bound polaron 
is probably no longer valid. This problem has been considered in a number 

# # # # • 33 34 

of papers dealing chiefly with E-centers in the alkali halides.' ’ The method 
has been to assume that the polarization component Pi is determined by 
the time-average rather than the instantaneous position of the electron 
and to obtain the binding energy from a self-consistent field calculation. 
The practical value of these calculations is considerably reduced by the 
fact that they take no account of the central-cell correction where this 
may be of considerable importance. 


Effective Ionic Charge 


The previous sections have dealt with the interaction of conduction 
electrons and holes with the electric polarization in ionic or partially ionic 
crystals. The dielectric properties of the crystal have been specified by the 
low frequency dielectric constant k, the high frequency dielectric constant 
k x = n 2 , and an infrared dispersion frequency o) t or on . These macroscopic 
parameters are convenient and adequate, however, there is frequently a 
temptation to relate them to microscopic parameters. 

Suppose that a crystal is made up of positive and negative deformable 
ions. Then for frequencies lying between the infrared and ultraviolet ab¬ 
sorption frequencies, polarization of the crystal, P 2 , is due only to the de¬ 
formations of the ions, while for frequencies below the infrared absorption 
the polarization, (Pi + P 2 ), is due to both deformations and displacements 
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of the ions. One would like to be able to relate the polarization P x to the 

relative motion of ions with some effective charge ± SZq, where Z is the 

valence of the compound and S is a parameter which one would expect to 

be unity for a “perfect” ionic compound and somewhat smaller for partially 

ionic compounds. The dipole moment per ion pair due to displacement 
would then be 


V = SZq(X + - XJ) (13.17) 

and the polarization P x would be the sum of the p ’s over unit volume, 
there is a fundamental difficulty with this sort of analysis which is due to 
the fact that the polarization Px arises in part from the deformations of the 
ions which accompany their displacement. Furthermore, this accompany¬ 
ing deformation or electronic contribution to Pi depends upon the shape 
of the sample for wave lengths large compared with sample size or upon 
the mode (longitudinal or transverse) of polarization for wave lengths small 

compared with sample size but still large compared with the crystal lattice 
dimensions. 

Szigeti, 35 in a rigorous analysis of this problem, has made use of the 
Lorentz theorem which states that for deformable ions which do not over¬ 
lap, the field exerted on an ion by all others vanishes in a uniformly polarized 
sphere if the lattice is cubic. In this case P x will not contain electronic 
polarization so that departures of S from unity can only be due to nearest 
neighbor effects. These effects might include ionic charges smaller than Zq 
nonspherical charge distribution of the ions, overlap of ions, or distortion 
of the ionic charge cloud due to short-range non-electrostatic forces. H- 
arrives at an expression for the static dielectric constant of a cubic crystal. 






(13.18) 


where N is the number of ion pairs per unit volume, M x and M 2 are the 
masses of the ions, v t is the frequency of the transverse lattice vibrations 
(reststrahlen), and the factor l/(47re 0 ) has been inserted in order to put th^ 
formula in mks rationalized units. The parameter S should be of value in 

estimating the ionic character of a compound. As an aid in computing >. 
Fq. (13.18) can be written as 




(13.19) 


where Mi and M 2 ' are the atomic masses, p is the density of the compound 
in grams/cm , and X t is the reststrahlen wave length in microns 
Before leaving the subject of effective charge it should be pointed out 
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that there are two other definitions for effective charge which may be 
found in the literature. They differ in the manner in which the long-range 
electronic contribution to Pi is handled. If the displacements of Eq. (13.17) 
are those that would occur in a slab of material with the electric field per¬ 
pendicular to its faces (or in a longitudinal mode), and the total polariza¬ 
tion Pi is assumed to be due to the sum of P’s over unit volume, then a 
different parameter, Si , is defined by Eq. (13.17). Eq. (13.18) in this case 
becomes 






(13.20) 


Similarly, for displacements occurring in a slab with the electric field in 
the plane of the faces or for transverse modes, a parameter S t is defined 
by Eq. (13.17) and Eq. (13.18) becomes 



One can see that the differences between S, Si , and S t all arise from the 
electronic polarization by considering the case of rigid ions ( k^ = 1) where 
all three cases reduce to the Born equation. 

• 26 

The treatment of optical-mode scattering by Howarth and Sondheimer 
makes use of an effective ionic charge to describe the polarization due to 
the longitudinal modes. The appropriate effective charge is SiZq of Eq. 

• • 36 

(13.20) as has been shown in detail by Callen. 


ALKALINE-EARTH OXIDES 


Magnesium Oxide 

Magnesium oxide is the most refractory of all of the alkaline earth oxides 
(melting point =2500°C). It also has the most ionic character with a 
Szigeti parameter S = 1, implying 2.0 electronic charges per ion.* For 
practical purposes it should really be classed as an insulator. However, its 
semiconducting properties have been the subject of increasing investigation 
in recent years, due largely to the availability of large single crystals. 

The conductivity of MgO at high temperatures has been investigated 
by Lempicki/ 9 Mansfield 40 and Yamaka and Sawamoto. 41 Their results for 
the temperature dependence of the conductivity are shown in Figure 13.12. 
An activation energy of a little more than 2 ev seems to be characteristic. 
Lempicki’s results are for two single crystals which had been stabilized” 
by annealing in vacuum at 1450°K for three hours. Prior to the annealing 
treatment, his crystals displayed conductivities of about 10 to 10 


* From Eq. (13.19) using * = 9.8 and = 2.95 from Mott and Gurney, 37 and 
\ t = 15.3 microns from Raman. 38 
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Figure 13.12. Temperature dependence of the conductivity of MgO from thre*- 
investigations. 


ohm cm between room temperature and 800°K with very much lower 
activation energies (0.15 to 0.25 ev) which may well have been due to sur- 
lace leakage currents. Mansfield measured three sintered powder speei- 
mens which had been sintered at 1500°C for 14 hours, and obtained verv 
reproducible results. Yamaka and Sawamoto measured crystals which had 
been heated to 1300°C for an hour or two in magnesium vapor or in oxygen 
at one atmosphere as well as those in the “as-grown” (uncolored) condition 
they found the same temperature dependence for all three types of crystal 
however, the conductivities of the crystals heated in magnesium vapor 
w ere about ten times those observed for the unColored and oxygen treated 
crystals. (Unfortunately, the proper multiplicative power of ten was omitted 
from their table of specific resistivities, and their data plot, which is repro¬ 
duced in Figure 13.12, was not identified with a particular crystal treat- 
ment.) 

The near-identity of slope for the data of Figure 13.12 would seem - 
indicate that the conductivity was of the same origin in all three casts 
Lempicki speculated that this high temperature conductivity was th* 
intrinsic semiconductivity, and therefore that the thermal energy gap 
tween the valence and conduction bands was about 4.4 ev. He reasoned 
further that the optical energy band gap was at about 6 ev the energy a - 
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which Weber 42 had observed a small increase in optical absorption, and 
that the difference between the thermal and optical gaps was due to the 
operation of the Franck-Condon principle. However, the results of Yamaka 
und Sawamoto clearly indicate that this high temperature conductivity is 
not intrinsic. Furthermore, the best present estimate of the optical energy 
gap is E g > 7.3 ev, based upon the sharp, steep rise in optical absorption 

o ^ 

at 1700A observed by Johnson. 

It seems reasonable to suppose, therefore, that the high temperature 
conductivity is extrinsic. No measurements of the Hall effect have been 
reported in the high temperature region, and the only direct information 
as to the sign of the current carriers comes from measurements of thermo¬ 
electric power. Mansfield 40 claims to have observed a positive thermoelectric 
power, implying conduction by holes, whereas Yamaka and Sawamoto 41 
observed negative values indicating conduction by electrons. A negative 
thermoelectric power was also observed by John 44 at 1300°K. Stevenson 45 
found the thermionic work function of MgO to be 2.8 ev, which would 
indicate that the Fermi level was relatively much closer to the conduction 
band than to the valence band (at least at the surface where it would prob¬ 
ably control the conductivity in Mansfield’s sintered samples). The weight 
of the evidence appears to favor the conclusion that the high temperature 
conductivity is extrinsic and n-type. The increase in high temperature 
conductivity following a heat treatment in magnesium vapor is in agree¬ 
ment with this conclusion, and suggests that the donor center results from 
a stoichiometric excess of magnesium. 

Coloring experiments, similar to those employed in the study of the 
alkali halides, have indicated the presence of a number of bound states in 
the forbidden energy gap of MgO. Absorption bands in the visible have 

46 • • • 

been produced by Hibben using ultraviolet irradiation, by Molnar and 
Hartman 4 ' using X-irradiation, by Day 48 using neutron irradiation, and by 
Weber 42 by heat treatment in magnesium, oxygen, and potassium gas at¬ 
mospheres. Weber found that the broad absorption bands produced by 
magnesium vapor at 2.1, 3.7, and 4.8 ev were duplicated upon heating the 
crystal in potassium vapor. This would indicate that the stoichiometric 
excess of magnesium responsible for the high temperature conductivity is 
present as oxygen vacancies (or an excess of oxygen vacancies over mag¬ 
nesium vacancies). Recently, a thorough study of the absorption bands 
produced in MgO by ultraviolet, X, and neutron irradiation has been 
reported by Clarke. 49 He concluded that only the band at 6.7 ev could pos¬ 
sibly be ascribed to the foreign impurities found spectroscopically or by 
paramagnetic resonance techniques in his MgO crystals. Presumably all of 
the other bands are produced by magnesium or oxygen vacancies (and 
possibly interstitials) in their neutral states, or containing trapped elec- 
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CONDUCTION BAND 



VALENCE BAND 


Figure 13.13. Positions of states in the forbidden energy gap of MgO (in ev) and 

the transitions postulated by Clarke 49 in his attempt to explain the absorption and 
luminescence spectra. 


trons or holes. The complexity of the level structure in the forbidden energy 
gnp is apparent in a tentative diagram which Clarke has sketched to explain 
the absorption and luminescence spectra, which is shown here in Figure 
13.13. He associates the levels at 2.35 ev, 3.6 ev, and 4.95 ev with oxj r gen 
vacancies, and the levels at 4.2 ev and 5.6 ev with magnesium vacancies. 
However, a considerable amount of ambiguity is still present in the assign¬ 
ment of these energy levels to particular crystal defects. 

Photoconductivity has been observed by Day 48 when crystals which 
were colored by neutron irradiation were illuminated in their absorption 
bands. Ultraviolet illumination (photon energy of 4 ev) resulted in a large 
enhancement of the photoconductivity at longer wave lengths. The photo¬ 
conductivity spectrum resulting from neutron irradiation followed by ultra¬ 
violet enhancement is shown in Figure 13.14. The peaks at 2.1, 3.7, and 4.8 
ev would seem to correspond with the peaks in the absorption spectrum 
observed by Weber to be due to excess magnesium. The mechanism of the 
enhancement is thought to be the excitation of electrons from the valence 
band into empty states 3.7 ev above the valence band and subsequer.: 
trapping of the free holes at states 1.2 and 2.1 ev above the valence band 
Day concluded that holes rather than electrons provided the photoconduc¬ 
tivity on the basis of an experiment in which the enhancing radiation wss 
focused on a narrow region between the electrodes and an electric field 
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Figure 13.14. Photoconductivity spectrum of neutron-irradiated MgO (after 
Day 48 ). P is the light intensity. 

applied during the enhancement. Upon subsequently scanning the crystal 
with a beam of longer wave length, he found the enhanced region had 
always shifted toward the negative electrode. 

Yamaka’ 0 performed an experiment of the “glow-curve” type in which 
he observed both the luminescence and the conductivity which were ther¬ 
mally stimulated upon heating an MgO crystal following ultraviolet exci¬ 
tation. He measured magnesium-colored, oxygen-colored, and “as-grown” 
crystals. Conductivity peaks during the slow warm-up were most promi¬ 
nent for the magnesium-colored crystals, and appeared to be absent for 
oxygen-treated crystals. This observation agrees with Day’s result that 
the shallow traps from which the holes are released are due to excess mag¬ 
nesium. 

Additional evidence that the photoconduction in MgO at room tem¬ 
perature is due to holes has been provided by measurements of the photo- 
induced Hall effect carried out by Yamaka and Sawamoto. 51 The hole 
mobility which they calculated was only 2 cm 2 /volt sec at room tempera¬ 
ture, a value which appears to be surprisingly low. 

Very little is actually known about the mobilities of holes and electrons 
in MgO. From its ionic character, it would be reasonable to expect that at 
room temperature and above, optical mode scattering is the dominant proc¬ 
ess controlling mobility. From the dielectric constants 37 and reststrahlen 
wave length, 38 the coupling constant for MgO is 

a = 2.3 (ra*/m). 1/2 

Using the intermediate coupling theory (Eqs. 13.14 and 13.15), the 


568 


SEMI COND UCTO RS 


m, and it varies roughly as (m*/m)~ m for m 

! 1 .A « 



mobility which would result for optical-mode scattering operating alone is 

Mo = 0.72 exp (1710 /T) cm 2 /volt sec 
assuming that ra* = 

A+ o Af * " "‘7 ~ yrrr/m) - lor m* ^ m. 

be 2 Lvvo t r m 7 M ’ n ° ptical - mode scattering mobility would then 

result 6n0Ugh t0 aCC ° Unt fOT Yamaka ^ SaWam0t0 ’ S 

Some information as to the temperature dependence of mobility in MgO 
as been obtained in an unusual experiment carried out by Marshall 

,„7heT?M Pl0 “ d ‘ thi ' 1 - sample of MgO 

a n J ? IeCtr ° n beam of a Iinear accelerator. The primary beam 
Deduced 1 Tf H C T a] With ° nIy " 150 k6V ener ^ loss > but in so doing 

enemvIn R S , “I >Y direCt ionization acr ° S s the forbidden 

faces of their sample they were able to observe a current due to these sec¬ 
ondary electrons and holes which was much larger than the primary beam 

the r number e oT aSmtU H de ^ 7 S6C0ndary current de P end «, of course, upon 
the number of secondary electrons and holes present for a given primarv 

cTtril’ Ti 7 n if m0bilities ' The num bers of electrons and holes are 

but if these are assumed to be independent of temperature, the temperature 
ependence of the ratio of secondary to primary currents should be the same 

electrons em T P h er 7 ° f “ aVerage mobiIit y for the holes and 

in Figure 1315™ ° ^ SeC ° ndary to P rimar y current is plotted vs. 10*/T 

Marshall ef al. assumed that the mobility was limited by a mixture of 
optical- and acoustical-mode scattering. For the optical-mode scattering 

sc Jt US6d 7 mte ;; ,nedlate C ° UpIing theor y an d for the acoustical-mode 

scattering they used a formula due to Seitz which has the usual T~ m and 
m dependence. They assumed m* = m, and obtained the total mobility 

to°th • 6 i"? 1: V 0rmula ; - Vo ' + Ha '■ Their result, as best matched 

their data by a multiplicative constant, is shown in Figure 13.15 (It 

appears that Marshall et al. used a mass for the atoms of the crystal in the 
Seitz formula which was too small, resulting in a low value for the acousti¬ 
cal-mode mobility. However, the Seitz formula contains a parameter C 

dnnht 011 1- u est ™ ated ’ so that the absolute magnitude is alreadv in 
doubt.) Two higher values of the acoustical-mode scattering mobility are 

h Turi777 7 ° P l Cal T de m0biHty and C ° mpared with **data 

Figure 13.15. It is clear that the data are not sufficient to determine the 
latio of optical-mode to acoustical-mode scattering with any accuracy. An 
additional complication may well be that the fraction of the current car 
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Figure 13.15. Temperature dependence of mobility in MgO from bombardment 
induced conductivity observed by Marshall, Pomerantz, and Shatas. 52 The ratio of 
acoustical to optical-mode scattering represented by the solid curve is due to M.P. 
and S. The values of the total lattice-scattering mobility at 333°K in order of increas¬ 
ing /j, a are: 27, 50, and 71 cm 2 /volt sec. 

ried by holes may be a function of temperature. However, even the rather 
rough agreement that exists between theory and experiment in Figure 
13.15 indicates that theories of lattice scattering are probably capable of 
explaining electron and hole mobilities in magnesium oxide. 

Barium Oxide 

In common with most of the II-VI compounds, information about the 
forbidden energy band gap in BaO has been obtained from optical data. 
Measurements of the optical transmission of thin films of evaporated BaO 
by Zollweg 53 and of the reflection from freshly cleaved BaO single crystals 
by Jahoda 54 agree in showing considerable structure close to the fundamen¬ 
tal absorption edge. The absorption spectrum at about liquid nitrogen 
temperature is shown in Figure 13.16. Four peaks (at 3.9 ev, 4.0 ev, 4.3 ev, 
and about 6 ev) are distinguishable at this low temperature, and Jahoda 
felt that he could distinguish a fifth peak at 3.77 ev. The peaks are consider¬ 
ably broadened at room temperature, and structure is nearly absent at 

350°C. 

The agreement between the single-crystal and thin film transmission 
measurements combined with the high value (^10° cm -1 ) of the absorp¬ 
tion constant is good evidence that this absorption is an intrinsic property 
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PHOTON ENERGY IN ev 



Figure 13 16 Optical absorption of BaO. Upper curve is from reflection measure¬ 
ments by Jahoda and lower curve is from transmission measurements by Zollweg.“ 

of BaO. The presence of a number of peaks in the fundamental absorption 

is similar to the well known absorption spectra of the alkali halides, and it 

as been assumed that bound hole-electron pairs (excitons) rather than 

ree holes and electrons are produced by the optical transitions. The 

roadenmg of the absorption bands as the temperature is raised is assumed 

to be due to the interaction between optical phonons and the final states 
of the exciton transitions. 

The theory which appears to give the best present explanation of the BaO 
absorption spectrum has been formulated by Overhauser. 55 He used a 
tight-binding” rather than an “effective-mass” approach. The electron 
is assumed to make a transition from a (3p) oxygen ion level to the empty 
(6$) state of one of the nearest-neighbor barium ions. Considerations of 
the crystal-lattice symmetry and the selection rules for optical transition-* 
predict an exciton multiplet with five components, in reasonable agree¬ 
ment with the BaO absorption spectrum. However, evidence from the 
study of photoelectric emission strongly suggests that radiation of hv > 5 

ev is capable of exciting electrons from the valence band to free states weD 
above the bottom of the conduction band. 

Apker, Taft, and Dickey 56 were able to make some deductions concerning 
the energy band structure of BaO from measurements of its photoelectric 
emission. This relatively unusual technique may well be useful in the study 
of other semiconductors. Their photoemission tube consisted basically of 
a small photocathode of BaO, (produced by evaporation or decomposition 
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Figure 13.17. Photoelectric emission yield of BaO as a function of photon energy. 
(After Apker, Taft , and Dickey. 56 ) 

ol the carbonate), surrounded by a spherical anode. First, the spectrum of 
photocurrent vs. frequency of the monochromatic light on the photocathode 
was observed with the anode at a sufficient positive voltage so that all of 
the photoemission was collected. Figure 13.17 shows the result of this 
measurement. Ihe threshold at 3.8 ev was ascribed to the production of 
excitons which could then recombine at electron-containing centers high 
in the forbidden band, giving up sufficient energy to the electron for it to 
escape. The small emission below 3.8 ev was presumed to be due to direct 
photo-ionization of electrons from centers in the forbidden band. Phillip 57 
has observed the energy distribution of the photoelectrons from BaO with 
a tube in which the photocathode faces the entrance slit of a magnetic 
velocity analyzer. He concluded from the shift of the energy distribution 
with photon energy that centers about 2 ev below the vacuum level supply 
the photoelectrons observed at photon energies from 2 to 3.5 ev. The in¬ 
creased emission at hv > 3.7 ev did not shift in energy with photon energy, 
corroborating the exciton model. 

Additional information was gained by varying the potential of the anode 
with respect to the BaO photo cathode. The energy band diagrams of 
figure 13.18 showing the cathode, anode, and the vacuum space between 
them are helpful in understanding the procedure. The difference in Fermi 
level, E f , between cathode and anode is equal to the externally applied 
difference of potential. In Figure 13.18a, the anode is sufficiently positive 
with respect to the cathode so that all electrons which escape over the 
surface barrier of the cathode are collected. Assuming that the sharp in¬ 
crease in photocurrent at hv 0 = 5.1 ev is due to excitation of valence band 
electrons, one concludes that the top of the valence band is 5.1 ev below 
the top of the surface barrier (vacuum potential). Now if light of frequency 
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(a) 



BaO PHOTO - CATHODE 



(bj 



METAL PHOTO - CATHODE 


Figure 13.18. Energy band diagrams illustrating the method by which Apker 
Taft and Dickey•• determined the energy of the Fermi level, E r , and the energy of 
the top of the valence band, E, , with respect to the energy of an electron in the 

t V , a p C 7” S P aCe f ° r a Ba0 Photo-cathode. In (a), (b), and (c), the anode is shown at 
the left the vacuum space in the middle and the photo-cathode on the right In fa) 
an accelerating potential is applied in order to find the threshold frequency, „ 0 , for 
the BaO. In (b) and c) retarding potentials are applied which are just sufficient in 

the^nodV 0 ^ ph ° t0 ‘ electrons P roduced by photons of frequency from reaching 

n > /° illumin ates the cathode and the potential of the anode is made 

sufficiently negative the situation depicted in Figure 13.18b will finally 

occur—all electrons excited from the valence band by the light will be 

turned back to the cathode by the retarding field in the vacuum The 

photocurrent (assuming the valence band to be the only major source 

has been effectively cut off by the application of the stopping potential. 

I . • The stopping potential (defined as positive when anode is positive) h 
then given by 


qV s (BaO) + q<p a + (E 


F 


E v ) 


hv i 


(13.22 


whef to is the work-function of the anode. If a metallic photocathode is 
available to the same anode and is also illuminated by light of frequencv 
vi, electrons can be excited from states in the neighborhood of the Femii 
evel. A different stopping potential will be observed, and from Figure 
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13.18c it can be seen to obey the relationship 

— qV s (metal) + qcp a = hv i . (13.23) 

The difference between these two stopping potentials can then be taken as 
a measure of the height of the Fermi level above the valence band. Com¬ 
paring their BaO cathodes with metallic cathodes, Apker et al. found 
(E F — E v ) = 3.5 ev. Thus, the Fermi level is relatively much closer to 
the conduction band than to the valence band indicating that donors are 
present in excess of acceptors. The work-function of the BaO can be esti¬ 
mated as 

q<p = hv o — (E F — E v ) = 1.6 ev. 

When the BaO cathode was exposed to an oxidizing atmosphere, the Fermi 
level was found to drop to a position 2.5 ev above the valence band. 

Since the absorption constant is of the order of 10 5 cm -1 , these photo¬ 
excitation processes arise very close to the surface so that the observed 
Fermi level position may be more characteristic of a surface space-charge 
layer than of the bulk barium oxide. Although these photoelectric emission 
studies indicate that the Fermi level lies in the upper half of the forbidden 
band even under oxidizing conditions, p-type conductivity had been re- 

58 

ported for porous BaO. Wright' measured the Hall constant and conduc¬ 
tivity of BaO and (BaSr)O on an MgO base in vacuum, and found that 
the sign of his Hall constant indicated n-type conductivity above and p-type 
conductivity below 850°K. Strangely, his conductivity did not exhibit a 
minimum at 850°K. Ishikawa et aZ. 59 observed transitions in (BaSr)O in 
oxygen atmospheres indicated by a change in sign of the Hall constant. 

# # . Q 

The transition temperature was 975°K at 4 X 10 mm oxygen pressure 
and 1243°K at 7 X KF 2 mm oxygen pressure. Their conductivity showed 
a definite minimum at the transition point. It is difficult, however, to come 
to the conclusion that BaO in bulk is a p-type semiconductor under these 
conditions since both of the experiments were carried out in the pore-con¬ 
duction region (see p. 548) as indicated by anomalously high values of 
mobility of the order of 1000 cm 2 /volt sec and very large magnetoresistance 
effects. The manner in which a combination of bulk, pore, and perhaps 
surface conductivity could yield a change in the sign of the Hall constant 
is still a mystery. 

In order to bypass the vagaries of porous samples, a group at Cornell 
University under the direction of R. L. Sproull has devoted considerable 
effort to the growth and study of large single crystals of BaO. Their tech¬ 
niques for growing and handling these very hygroscopic crystals have been 
described by Sproull et oZ. 60 (see Chapter 3). A number of papers describing 
the solubility and diffusion of various electrically and optically active im- 
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perfections in BaO have been summarized in Chapter 7. One of the most 
undamental and difficult contributions was the measurement of the Hall 
mobility of BaO single crystals carried out by Pell. 61 In order to minimize 
e ectrolytic effects and transverse voltages caused by thermoelectric effects, 
he used an a.c. bridge method. The operating frequency was only 12 cps in 
order to reduce the effects of shunt capacitance. The conductivities of his 
BaO crystals were very low (from 1(T 10 to 1(T 6 ohm" 1 cm 1 ), necessitating 
great care in the elimination of spurious leakage currents. Mobility result- 
were reported only for clear, synthetic BaO. The mobility and conductivity 

?o ?!!° ° f l lese crystals as a function of temperature are shown in Figure 

-L O • JL V/ i 

The sign of the Hall angle observed by Pell was always characteristic 
of n-type conduction. Although Pell felt that the conductivity which had 
an activation energy of about 1 ev might have been intrinsic, a subsequent 
analysis of the conductivities of BaO crystals by Dolloff 62 offers convincing 
evidence that the conductivity was n-type and extrinsic. Thus, the meas- 
ured mobilities of Figure 13.19 are characteristic of electrons in the BaO 
conduction band. The value of n appears to be about 3 cm 2 /volt sec and 
nearly constant from about 500°K to 700°K. (There appears to be a slight 
increase to 5 cm /volt sec at 800°K for which there is no obvious explana¬ 
tion.) This value of electron mobility was obtained on a number of BaO 
crystals which had different conductivities, suggesting that it is not impur- 
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ity dependent but is probably due to lattice scattering by the optical 
modes. 

It is of interest to estimate the magnitude of the mobility in BaO assum¬ 
ing that it is entirely limited by optical mode scattering, using the theory 
outlined on p. 558. Of the foug quantities required by the theory, the best 
known are the low- and high-frequency dielectric constants k and k x . 
Bever and Sproull 63 obtained k = 34 from measurements on large single 
crystals. The optical index of refraction has been determined by Haase 64 
as n = 2, thus = 4. Pell has estimated the Debye temperature of the 
longitudinal optical modes to be about 750°K from specific heat data. We 
have no information concerning the effective mass of conduction electrons 
in BaO, but shall assume it to be equal to the free electron mass. Using 
these quantities in Eq. (13.11), we obtain for the coupling constant, a = 
3.2. The coupling is thus too strong for the perturbation theory to be 
valid, and so we make use of the intermediate coupling theory, and compute 
from Eq. (13.14) and (13.15) 

n = 0.9 exp (750/T) cm 2 /volt sec 

This expression is supposedly valid only for T <3C 750°K; however, it is 
interesting that at 500°K it yields m = 4.1 and at 750°K, n = 2.5. 1 lie 
assumption that Pell’s measured mobility is characteristic of optical mode 

scattering in BaO appears to be justified. 

Dolloff’s 62 studies of conductivity in single crystals of BaO are interesting 
in that he measured both clear crystals of low conductivity and blue- 
colored crystals (obtained by heating the clear crystals in Ba vapor), and 
because he has attempted the most detailed analysis of conductivity data. 
Typical log a vs. 1/T plots for clear and colored crystals are shown in Figure 
13.20. Dolloff found that the slope of the clear-crystal conductivity plots 
(shown in Figure 13.20 as 1.2 ev) varied by 20 per cent between different 
crystals indicating that this conductivity could not be intrinsic. Further¬ 
more, he was able to fit the clear-crystal conductivity data in detail with 

' 15 —3 

a model which assumed a concentration of about 10 ° cm donor states 

j ^ 2 

located 1.2 ev below the bottom of the conduction band and about 10 cm 
compensating acceptor states. 

The blue coloration of BaO obtained by heating the crystals in barium 
vapor at 1200°C was found to be in quantitative agreement with the excess 
barium in BaO by Sproull, Bever, and Libowitz. 63 They compared chemical 
analyses for excess barium with the concentration of absorbing centers 
estimated from the height and width of the 2 ev optical absorption peak 
by the use of the Smakula* formula. Dolloff assumed that the maximum 

* The Smakula formula has been a frequent source of error in the literature. A 
recent, careful discussion has been given by Herring. 32 
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rigure 13 20 Conductivity as a function of temperature for barium-colored 
clear crystals of BaO. (After Dolloff .»*) colored 


am 


m the -conductivity plots for the blue-colored crystals occurred when the 
ionization of the added donors was complete, and that the mobility at this 
point was 5 cm /volt sec as found by Pell. He then compared this maximum 
electron concentration with the concentration of 2.0 ev color centers ob¬ 
tained on the same crystals by optical absorption and the application of 
the Smakula formula. Ihe two concentrations were roughly comparable 
providing some evidence that the 2.0 ev centers (thought to be oxygen 
vacancies) are donors. Dolloff was able to fit the log <r vs. l/T plot by assum¬ 
ing that these donors were always accompanied by a comparable compen¬ 
sating acceptor concentration and the existence of a linear temperature 

npnorinnn/iA r\f --• • i • -— * 


•0019 T ) ev. It 


— -- ui a. mica! temperature 

dependence of the donor ionization energy, E D = (2 1- 0019 T) ev I* 

“ S ° mewh f disturbing, however, to note that the maximum number of 
electrons always exceeded the number of 2.0 ev centers (by factors of 2 to 

9), and that there appears to be no explanation for the large acceptor con- 
centrations required. 


One of the puzzling features of BaO is the lack of evidence for any shal- 
ow donors of the hydrogen-atom type to which the electron is bound bv 
the held of a single positive charge reduced by the polarization of the lat¬ 
tice. For BaO one might expect this sort of donor to have an ionization 
energy, E D ^ 13.6/k 2 = .013 ev. 


Calcium Oxide and Strontium Oxide 

There is little real information about the semiconducting properties of 
these two compounds, since neither has been studied in single-crystal form, 
he forbidden band gaps of both of them are quite large. An optical tram- 
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mission study on thin evaporated films of SrO by Sproull 66 indicates that 
the steepest rise in absorption occurs at an energy of 5.7 ev. For CaO, the 
presence of a peak in the luminescent excitation spectrum 67 at 5.6 ev sug¬ 
gests that the band gap is at least this wide, but it is probably less than the 
7.3 ev found for MgO. 

The electrical conductivity of sintered powder samples of CaO has been 
studied at high temperatures by Miyake 68 and by Hauffe and Tranckler. 69 
Miyake observed slopes of log a vs. l/T plots of 1.6 to 2.9 ev depending 
upon sample preparation and the rate of heating or cooling. His conductiv¬ 
ities were of the order of 10 6 ohm -1 cm -1 at 1200°K in air. Hauffe and 
Tranckler observed conductivities between 1CT 2 and 10“ 7 ohm -1 cm -1 at 
S<5°K which were dependent upon oxygen pressure. They describe a de¬ 
crease of conductivity from 10 2 to 10” 7 as the oxygen pressure is increased 

from 10 mm to 10 2 mm. Upon increasing the oxygen pressure from 10~ 2 

2 • • 

mm to 10 mm, the conductivity of the CaO was observed to increase 
again. The authors claim that this minimum in conductivity results from 
a transition from n-type to p-type conductivity, and bolster this claim 
with some additional experiments on mixed oxides of calcium and lithium 
and calcium and yttrium. However, no direct tests of conductivity type 
were performed. 

What little is known of the conduction properties of SrO is to be found 
in the oxide cathode literature where many studies of barium-strontium 
oxide mixtures are reported. 

WURTZITE-ZINC BLENDE COMPOUNDS 

In this section, we shall discuss the oxides, sulfides, selenides, and tel- 
lurides of zinc and cadmium. Much of the literature on these compounds 
deals primarily with their interaction with light, since they are utilized 
chiefly as luminescent and photoconductive materials. They are also, how¬ 
ever, semiconductors, and a thorough understanding of their properties 
Irom a semiconductor point of view will undoubtedly compliment and en¬ 
hance the knowledge of their interactions with light. As a working hypoth¬ 
esis, we shall consider these compounds as being similar to the “classic” 
semiconductors germanium and silicon but differing in two respects: First, 
the compounds are likely to be extrinsic semiconductors even when they 
contain no chemical impurities, as a departure from stoichiometry produces 
donors or acceptors. Second, the optical modes of lattice vibration, since 
they have an electric dipole moment, will interact with conduction electrons 
and holes as described on p. 551ff. 

A useful grouping of these compounds, together with some other similar 
compounds, is shown in Table 13.2 from Jeffrey et aZ. 70 The general charac¬ 
teristic of this grouping of compounds is the transition from ionic bonding 
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Table 13.2. Crystal Structures of a Series of Compounds 


Element 

(electronegativity) 

0 

(3.5) 

s 

(2.5) 

Se 

(2.4) 

Te 

(2.1) 

Mg 

NaCl 

NaCl 

NaCl 

Wurtzite 

(1-2) 





Cd 

NaCl 

Wurtzite 

Wurtzite 

Zinc Blende 

(1.4) 


Zinc Blende 

Zinc Blende 


Zn 

Wurtzite 

Wurtzite 

Wurtzite 

Zinc Blende 

(1.5) 


Zinc Blende 

Zinc Blende 


Be 

Wurtzite 

Zinc Blende 

Zinc Blende 

Zinc Blende 

(1.5) 






in the upper left-hand corner toward covalent bonding in the lower right- 


be- 


comes smaller. With the exception of CdO, the compounds of present inter¬ 
est all possess the tetrahedral coordination of the wurtzite-zinc blende 
structures, some of them existing in both forms. The change in bonding 
is indicated by the values of the Szigeti parameter S which should be unity 
for pure ionic bonding and zero for pure covalent bonding (see p. 561 


• • 


iiu iicccssaiy dielectric constants and reststrahlen frequencies are known 
with certainty for only a few of the compounds, however MgO, ZnO, a 
ZnS will serve to illustrate the trend in Table 13.2. For MgO, S = 1 ( 

8.5, n = 3.73, 71 and \ t = 22.7/x 72 yielding S 
0.63. For ZnS, /c = 8.3, 37 n 2 = 5.07, 37 and X, °° 73 


p. 563). For ZnO, k 


n 


33m ^ yielding S 

Thus, S decreases in moving down or to the right in Table 13.2. 

mi • i .« » _ ^ * 


0.48. 


has 


— - —— - —W ^ 

usually been determined optically in these materials. The determinations 
1 __ 1 1.1 


spec 


x - jl ^- y v/ va via/ i/x vxi v 

trum for photoconductivity or luminescence, and the wave length of edee 
luminescence due to recombination of electrons and holes across the gap. 
When the determination is made thermally from the activation energy for 


i- -- millet UIW11 CLIOU lllUlULlt: 

order variation of the gap energy, E G , with temperature, thus 


indeed 
3 first- 


E 


thermal 


E g 


T 


dE 


G 


dT 


(13.24 


Bube 


74 


and their 
abridge. 


--- - —--- xxvviu/i;uiv;j dllU A CllJLKD lO ClLl 

version of his tabulation, with added data on ZnO. 

It is interesting to note that where E G has been measured both optical v 
and thermally, the thermal value is slightly greater than the optical value. 
This is what one would expect on the basis of Eq. (13.24), and the negative 
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Table 13.3. Width of the Forbidden Energy-band Gap in 

ev at Room Temperature 



(from R. 

H. Bube) 



Material 

W. = Wurtzite 

Z.B. = Zinc Blende 

Eo 

Optical 

Eg 

Thermal 

dEG 

dT 

Optical 

ZnO* (W.) 

ZnS (W.) 

3.3 

3.55-3.70 

3.77 

-13 X 10“ 4 (293°-980°K) 

-4.6 X HT 4 (at 77°K) 

-8.5 X 10“ 4 (at 800°K) 

ZnS (Z.B.) 

ZnSe (Z.B.) 

3.60-3.64 

2.58-2.66 


-7 X 10~ 4 

(90°-400°K) 

ZnTe (Z.B.) 

CdS (W.) 

CdSe (W.) 

CdTe (Z.B.) 

2.15 

2.38-2.48 

1.74 

1.41-1.47 

1.43-1.57 

-5 X 10" 4 
-4.6 X 10- 4 
-3.6 X 10" 4 

(90°-400°K) 

(90°-400°K) 

(90°-400°K) 

* ZnO data from optical transmission measurements 

of E Mollwo. 71 



values of dE 0 /dT. It also indicates that the same transition takes place 
optically and thermally, thus if evidence can be found that the conduction 
band minima are not located at the same points ol the Brillouin zone as 
the valence band maxima then the optical transitions of energy E a are ol 
the indirect type involving the simultaneous emission or absorption of one 
or more phonons. There appears to be evidence for just this sort of phonon 
cooperation in the “edge emission” which is a luminescence resulting Irom 
the recombination of electrons and holes observed in ZnO, Z 11 S, and 

CdS. 75 ’ 76 

The decrease in band gap with increasing temperature in these materials 
is ascribable to two effects. The first is simply the change in the energy 
levels with the changing lattice constant resulting from thermal expansion. 
However, it accounts for only a fraction of the effect. Hohler has measured 
the pressure dependence of the optical transmission of CdS in the long wave 
length tail of the fundamental absorption edge, arriving at an approximate 
pressure dependence of Eq of 10 5 ev/atmosphere. II the band gap de¬ 
pended only upon lattice constant, its rate of change with temperature 
should be in the ratio (3 a/x) to its rate of change with pressure, where a 
is the linear thermal expansion coefficient and x is the compressibility. This 
would predict a temperature variation of band gap of only —1.2 X 10 
ev/deg, about one-fourth of that observed. The second effect which tends 
to decrease the band gap with increasing temperature is the broadening 
of the energy levels at the bottom of the conduction band and top of the 
valence band due to collisions between electrons and phonons. This effect 
is quite small in nonpolar crystals because of the low energy of the acous¬ 
tical phonons and the weak interaction of the electrons and optical phonons. 
In polar crystals, however, Radkowsky has computed the broadening of 
the energy levels arising from collisions between electrons and the strongly 
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coupled longitudinal optical phonons. His estimates of the broadening pre¬ 
dict temperature variations of the band gap of the order of 5 to 10 X 10“ 4 
ev/deg. In a recent study of the optical absorption edge in ZnS as a func¬ 
tion ol pressure and temperature, Piper et al. so found a temperature coeffi¬ 
cient of —7 X 10 4 ev/deg at room temperature of which —1.3 X 1(T 4 
ev/deg could be ascribed to dilatation of the lattice. In an attempt to ex¬ 
plain the remaining portion of the temperature coefficient on the basis of 
Radkowsky’s model they discovered that he had used an effective ionic 
charge which was too large. With the correct value of the effective charge, 
an unreasonably large value of either the electron or hole effective mass 
would be required to fit the data with this theory. 

Zinc Oxide 

A technique for the growth of high purity crystals of zinc oxide has been 

achieved. (See Chapter 3.) 1 he art of doping these crystals with controlled 

concentrations of donors with only very slight compensation by acceptors 

has also been established. (See Chapter 7.) It was therefore possible 

for Hutson to make a fairly detailed study of semiconduction in n-type 
zinc oxide. 

In this study, the Hall effect and electrical conductivity were measured 
as a function of temperature from 60°K to 300°K. The donors which sup¬ 
plied conduction electrons were either interstitial zinc or hydrogen. (In the 
case of hydrogen, it is believed that the actual donors are hydroxyl ions 
formed at oxygen ion sites.) These donors were diffused in from either a 
zinc or a hydrogen atmosphere at about 500°C after which the crystal was 
rapidly quenched. The concentration of added donors greatly exceeded the 
concentration of accidental donors in the crystal prior to doping, thus the 
statistics of ionization involved only a single donor level and the conduc¬ 
tion band. The doping concentration was never high enough for the elec¬ 
tron population to become degenerate, thus the concentration of conduction 
band electrons could be written 

• - * * - (t) - * (£ T - (t) <»» 

where 

N c = 2(2tt mkT/hy 12 

and 

m N) = density-of-states effective mass 
The Fermi statistics applied to the concentration of electrons on donors is 





1 + iT 1 exp 



(13.26) 


PROPERTIES OF SOME OXIDES AND SULFIDES 


581 


where g is the spin degeneracy of the donor states, usually having the 
value 2 for a simple donor state which can be occupied by only one electron. 
Using the condition of electrical neutrality, the Fermi level, E F , and n D 
may both be eliminated. The concentration of conduction band electrons 
may then be expressed as 



(13.27) 


The variation of n with temperature obtained from the Hall-effect meas¬ 
urements on doped zinc oxide crystals is shown in Figure 13.21. Ionization 
is nearly complete at 300°K, so that it is not difficult to make a satisfactory 
estimate of N D . If now the logarithm of the left-hand side of Eq. (13.27) 
is plotted vs. l/T, a straight line should be obtained whose slope yields E D 
and whose intercept is the quantity (m} N) / m) s 12 g \ Such plots for a number 
of doped zinc oxide samples are shown in Figure 13.22. The plots have a 
common intercept at about 0.18. If both zinc and hydrogen behave as sim¬ 
ple donors with g = 2, then the density-of-states mass is m (A) = 0.5 m. 


TEMPERATURE IN DEGREES KELVIN 



Figure 13.21. Carrier concentration of doped, n-type, ZnO crystals as a function 
of temperature. The temperature dependence of the conduction band density of 
states (for free electron mass) is shown for comparison. (After Hutson. u ) 
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Figure 13.22. Analysis of doped ZnO carrier concentration data according to Eq. 
(13.27). The donor ionization energy may be obtained from the slope and the density 
of-states effective mass from the intercept. (After Hutson. 13 ) 

(One would certainly expect hydrogen to be a simple donor since it brings 
with it only a single electron. The fact that zinc also appears to behave as 
a simple donor may be the result of an energy difference between singlet 
and triplet states for the neutral zinc donor which is small compared with 
kT.) From Figure 13.22 the donor ionization energy at low concentrations 
is O.Oo ev for both zinc and hydrogen and tends to decrease at concentra¬ 
tions greater than 10 cm . 1 he fact that E D is the same for both zinc and 
hydrogen and is small strongly suggests that the hydrogenic model of the 
donors is valid. The donor ionization energy is then given by Eq. (13.16 . 
A value of the polaron mass, m (P) = 0.27 m is obtained using k = 8.5. The 
fact that m turns out to be only about one-half of strongly suggests 
that the conduction band of zinc oxide is of the many-valley type with 
band edge points away from k = 0. The decrease in E D at concentrations 
greater than 10 1 ' cm -3 corresponds to the broadening of the donor levels 
due to overlap of the hydrogen-like bound electron wave functions. 

A knowledge of the polaron mass allows the calculation of the coupling 
constant, a, for the interaction between longitudinal optical vibrations and 
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conduction electrons in ZnO from Eq. (13.11) and (13.15). (The dielectric 
constants are: k = 8.5 and = 3.73. The Debye temperature for the 
longitudinal optical modes is Tiwi = Oi = 920°K using the reststrahlen 
data of Ref. 72 in Eq. (13.5). This value of 6i is significantly higher than 
the estimate of Kroger and Meyer 70 of 660°K which was used in Ref. 13. 
The result is a coupling constant a = 0.85. 

This value of a is sufficiently small so that the perturbation theory of 
optical mode scattering should be valid. The mobility which would result 
trom optical mode scattering alone may be computed as a function of 
temperature from Eq. (13.13). For all but the most highly doped samples 
of Ref. 13, the measured Hall mobility was independent of doping above 
200°K so that it is probably the result of only optical and acoustical lattice 
scattering. The Hall mobility as a function of temperature for a typical 
crystal is shown in Figure 13.23. The computed optical mode scattering 
mobility, , is seen to lie above the experimental points. Acoustical mode 
scattering, yielding a mobility n a ~ T -3/2 , was assumed to be of such a 
magnitude that the lattice scattering mobility, \x L = [/x 0 Mo/(m 0 + m«)], 
matched the observed mobility at room temperature. This lattice scatter¬ 
ing mobility fits the data quite well from 150°K to 900°K. Below 150°K 
other mechanisms such as ionized and neutral impurity scattering play a 
role in limiting the mobility. Despite the agreement between the experi¬ 
mental mobility and this particular calculated mobility, the ratio of acous¬ 
tical to optical mode scattering may be in doubt by as much as 50 per cent 
since we have no independent determination of \i a from deformation poten¬ 
tial measurements and since the temperature dependences of and n a are 



Figure 13.23. Hall mobility measured on a ZnO crystal and the theoretical fit to 
the data obtained with a mixture of optical-mode and acoustical-mode scattering. 
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not very different over much of the temperature range. Fair agreement was 
obtained between the measured and calculated mobilities of some highly 
doped samples where impurity scattering made a major contribution. The 
impurity scattering theory used was the same as is employed for germanium 
or silicon, however the polaron mass was used as the effective carrier mass. 

Although the effective mass obtained from the binding energy appear^ 
to account for the correct magnitude of optical mode scattering, independ¬ 
ent evidence from the behavior of the phonon-drag effect with carrier 
concentration and the optical reflectivity due to conduction electrons* 
suggests an inertial effective mass of about .07m for electrons in ZnO. Fur¬ 
thermore, magnetoresistance measurements suggest the presence of 12 

valleys in the ZnO conduction band. These data have recently been dis¬ 
cussed by Hutson. 84 

Thermoelectric power measurements on zinc oxide single crystals 84 have 
indicated the presence of a large phonon-drag effect superposed upon the 
usual electronic contribution. A plot of the product of the measured ther¬ 
moelectric power and the temperature is shown as a function of tempera¬ 
ture in Figure 13.24 for a relatively pure crystal (room temperature elec¬ 
tron concentration of 2 X 10 cm ). Now the product of temperature and 
the electronic part of the thermoelectric power, Q e T, is equal to the energy- 
difference between the bottom of the conduction band plus a small trans¬ 
port term of the order of 2 kT. One can then compute Q.T from Hall effect 
determinations of carrier concentration and a knowledge of m (JV) . Computed 
values of Q e T are shown in Figure 13.24 for two values of rn (N) . The amount 
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300 


Figure 13.24. The product of thermoelectric power and absolute temperature for 

a ZnO crystal. Measured values are shown on the upper curve. The lower curves were 

computed from the theory of the electronic part of the thermoelectric power usinr 

the Hall measurements and two assumed values of the density-of-states effective 
mass. 
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•i phonon-drag is too large even at room temperature for a reliable deter¬ 
mination of m (A) to be made by comparison of Hall effect and thermoelec¬ 
tric power measurements. 

Cadmium Sulfide 

A detailed study of the Hall effect and resistivity of single crystals of 
CdS has been carried out by Kroger, Vink, and Volger. 86 The crystals were 
grown by the vapor phase reaction of cadmium and H 2 S. Relatively pure 
crystals in which the n-type conductivity was due to excess cadmium as 
well as crystals intentionally doped with the substitutional donors chlorine 
and gallium were studied. The accidental incorporation of monovalent ca¬ 
tions (Ag + , Cu + , K + , Na + , etc., which would be acceptors) was believed 
to have occurred in most cases. However, p-type conductivity was never 
observed, even when silver and copper were intentionally added during 
crystal growth. The crystals were either n-type or insulating, the insulating 
crystals being the result of nearly perfect compensation of donors and ac¬ 
ceptors. The balance between donors and acceptors was modified after 
crystal growth by refiring the crystals in atmospheres of cadmium and 
sulfur vapor (see Chapter 7). 

Curves of the Hall constant and Hall mobility for CdS crystals are shown 

in Figure 13.25. These crystals were grown without intentional addition of 

impurities and were subsequently heated to 900°C in a cadmium atmosphere 

in order to provide a sufficient excess of donors to make them conductive. 

1'he saturation carrier concentration varied from 5 X 10 18 cm -3 for sample 

^ _ 2 * 

/ to 3 X 10 cm for sample IV. The most revealing feature of these curves 

is the maximum in both R and which occurs in the neighborhood of 50°K. 
The mobility drops sharply at temperatures below this maximum, and 
the Hall constant appears to return to its high temperature saturation value 
at the lowest temperatures. This behavior is a typical impurity band phe¬ 
nomenon. The overlap of donor wave functions is so great that the donor 
levels are broadened into a band in which electrical conduction may take 
place. At low temperatures almost all of the carriers are present in this 
donor band, although there are fewer electrons than impurity band states 
due to the presence of compensating acceptor states. Conduction takes 
place in the impurity band, though mobility is low because the impurity 
band is narrow and hence the electronic effective mass is high. As the tem¬ 
perature is raised, electrons are ionized to the conduction band where they 
have higher mobility. Eventually at room temperature, effectively all of 
the electrons are in the conduction band. In samples of very high donor 
concentration, such as I in Figure 13.25, the donor levels have been broad¬ 
ened to such an extent that they overlap the bottom of the conduction 
band. In this case, both mobility and Hall constant tend to become constant 
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(b) 

Figure 13.25. (a) Hall coefficient as a function of temperature for n-type CdS 
crystals treated at high temperature in Cd vapor, (b) Hall mobilities as a function 
of temperature for these same crystals. (After Kroger, Vink, and Volger , 86 ) 


with temperature. The high degree of compensation and the large concen¬ 
trations of donor levels in these CdS crystals make any analysis of carrier 
concentration data in terms of E D and m {N) very difficult. However, Kroger 
et al. have estimated E D to be in the neighborhood of 0.01 to 0.02 ev and 
m {N) to be about 0.2 to 0.3 m. 

They also measured thermoelectric power at room temperature on sam¬ 
ples ranging in carrier concentration from 5 X 10 16 to 5 X 10 19 cm -3 . 
Assuming that all of their thermoelectric power was electronic (no phonon- 
drag) most of their data indicated m (A) = 0.2 to 0.4 m. The absence of 
phonon-drag is open to question in the light of observations on ZnO. 
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Table 13.4 


dl 

m*/m 

a(cm 2 deg 3/2 /volt sec) 

HaO 00°K) 

300°K 

0.27 

7.6 X 10 6 

1460 

250°K 

0.20 

3.1 X 10 6 

600 


The analysis of mobility presents a considerable problem for these crys¬ 
tals. For most samples conduction occurred in both the conduction and 
the impurity band. The mobility in the donor band (at the lowest tempera¬ 
ture) appeared to increase with increasing electron concentration. A num¬ 
ber of combinations of optical and acoustical mode scattering were in fair 
agreement with the observed mobilities of some of the purest samples above 
150°K. Unfortunately the reststrahlen frequency is not known as yet for 
CdS, so that the optical-mode Debye temperature, effective mass, and 
magnitude of acoustical-mode scattering (/x a = aT 3/2 ) all served as adjust¬ 
able parameters. The best fits to the data were obtained with the param¬ 
eters of Table 13.4. The values of dielectric constants used were = 

2 i 

n = 5.9 and k = 11.6. The value of k was obtained as an average of 
measurements of the capacitance of insulating crystals with silver-paste 
electrodes which were spread between the extreme values 6.5 and 17.7. 

Very recently, Dexter 8 ' has reported the observation of cyclotron reso¬ 
nance at 4°K due to photo-produced electrons and holes in ultra-pure CdS 
crystals. While it is still too early to make any definite statements about 
the band structure, this is a very important step toward the understanding 
of these compounds. 

Cadium Telluride 

Single crystals of cadmium telluride have been produced and studied by 
Jenny and Bube 88 and by Kroger and deNobel. 89 This compound is a par¬ 
ticularly interesting member of its class because, under proper conditions 
of preparation, it can be made p-type as well as n-type by the addition of 
impurities to the zone-refined cadmium and tellurium prior to reaction 
(elements from Groups III or VII for n-type and from I or V for p-type). 
Ihe conductivity activation energies observed were about 0.003 ev for 
n-type material and from 0.3 to 0.5 ev for p-type material. The forbidden 

band gap was estimated as 1.5 ev from measurements of optical transmis¬ 
sion. 

Kroger and deNobel controlled conductivity type by heating CdTe 
crystals at 900°C in various Cd pressures and then rapidly quenching them. 
The room temperature concentration of charge carriers is shown as a func¬ 
tion of the Cd pressure of the high temperature treatment in Figure 13.26. 
High activation energies were observed for p-type conduction and very 
low activation energies for n-type, as can be seen in the plots of log Hall 
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Figure 13.26. Room temperature carrier concentrations of CdTe crystals as a 
function of the Cd pressure to which the crystals had been exposed at 900°C. (After 
Kroger and deNobel 89 ) 



Figure 13.27. Hall constant as a function of temperature (below room tempera¬ 
ture) for n and p-type CdTe crystals. (After Kroger and deNobel. 89 ) 


constant vs. reciprocal temperature of Figure 13.27. A precise analysis of 
these Hall constant data is difficult because ionization does not appear to 
approach completion for the p-type specimens, and there is little association 
for the n-type specimens. The authors conclude that both n-type and p-type 
specimens are highly compensated, the total concentrations of donors and 
acceptors being of the order of 10 1 ' to 10 18 cm -3 whereas the difference in 
their concentrations is of the order of 10 16 cm -3 . A definite identification of 
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the donor and acceptor species is still to be attained, though spectrographic 
analysis indicated the presence of copper in a concentration of about 10 
cm -3 . If copper ions are located at normal cation sites, they may well make 
up the majority of the acceptors, balanced by donors consisting of inter¬ 
stitial cadmium and anion vacancies. These authors estimate the ionization 
energy of the donors as 0.02 ev and that of the acceptors as 0.2 ev or 0.4 
ev, depending upon the unknown donor concentration in the p-type sam¬ 
ples. 

The Hall mobilities for n and p-type samples are shown in Figure 13.28. 
The weak temperature dependence of the n-type mobility and the differ¬ 
ence between the two p-type samples suggests that a considerable quantity 
of ionized impurity scattering is present (agreeing with the assumption of 
a high degree of compensation), so that an analysis in terms of optical and 
acoustical mode lattice scattering is not feasible. The mobility data does 
suggest that the effective mass of holes is greater than that of electrons, 
and this is borne out by measurements of the thermoelectric power (pre¬ 
sumably at room temperature). When combined with the Hall effect car¬ 
rier concentration data according to the theory for the electronic part of 
the thermoelectric power, these results yielded effective “density-of-states” 
masses of 0.14 m for the conduction band and 0.37 m for the valence band. 
If any phonon-drag contribution to the thermoelectric power had been 
present, these estimates of effective mass would be too high. 

The static dielectric constant of CdTe has been measured on one large 
p-type single crystal at low frequencies in a capacitance bridge by deNobel 
and Hofman. 90 They obtained k = 11. If the density-of-states masses and 
the static dielectric constant are used to calculate the expected ionization 
energy of donors and acceptors according to the hydrogen-atom model, one 
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Figure 13.28. Hall mobility as a function of temperature for n and p-type CdTe. 
Room temperature carrier concentrations are shown. {After Kroger and deNobel* 9 ) 
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obtains#/) = 0.016 ev, 


SEMI COND UCTORS 


which appears to be of the right order of magnitude, 

and E a 

thus, it would appear that the differences between electron and hole masses 

■ 


0.04 ev which is considerably smaller than the values observed. 


cm 


is not sufficient to explain the large difference between observed donor and 
acceptor ionization energies. 

Other Compounds—CdO 

The semiconducting; properties of the other compounds of zinc and 
cadmium in the grouping of Table 13.2 may be inferred by interpolation 
between those which have been discussed above, with the exception of CdO. 

It is not surprising that CdO exhibits rather different properties, since 
it crystallizes in the NaCl structure. Compacted powders of CdO have been 
studied by Bastin and Wright and data on thin films has been reported 
by Lappe. 92 The conductivity of CdO is of the order of 100 to 500 ohm” -1 

It* # 

, and is only weajldy temperature dependent. The Hall mobility is 
about 10 cm 2 volt 1 sec I 1 . The electron gas in the conduction band is clearly 
degenerate, presumably: due to a tendency for CdO to exist with a stoichio¬ 
metric excess of cadmium. No precise data on the width of the forbidden 
energy gap exists. 1 he powder material appears black; however, very thin 
crystals grown by a v|apor-phase reaction appear to transmit red light 

(though weakly), indicating that the energy gap may be about 2 ev. 

• • 

LEAD SULFIDE, SELENIDE, AND TELLURIDE 

_ • 

in the semiconducting properties 

of compounds of the le4d sulfide family arising from their use as thin-film, 
infrared photoconductors (see p. 544). Recent studies of the fundamental 
properties of these compounds have been carried out on single crystals, 
either natural or synthetically grown following Lawson’s 93 technique. All 
three compounds crystallize in the NaCl cubic structure and are capable 
of taking up a relatively large stoichiometric excess of either cation or 

• s 


anion. 


As a result of departures from stoichiometry, the conductivity is extrinsic 
below room temperature and may be either n or p-type. Brebrick and Scan¬ 
lon 9 controlled the departures from stoichiometry in natural crystals of 
PbS by heating them ai 500°C in various pressures of sulfur vapor for 20 
hours and then quenching them to room temperature. The resulting room- 
temperature values of Hjall coefficient and resistivity in Figure 13.29 clearly 

show T the transition fropi n to p-type conductivity with increasing sulfur 
pressure. 

. energy gaps of the PbS family have been 

established on the basis ;ol both optical and electrical measurements. Opti¬ 
cal transmission measurements w^ere made on PbS, PbSe, and PbTe in the 
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Figure 13.29. Room temperature values of Hall constant and resistivity of PbS 
crystals as a function of sulfur vapor pressure during heat treatment. (.After Brebrick 
and Scanlon. 94 ) 

infrared by Gibson 95 at temperatures from 20° K to nearly 600°K. His 
results for PbS are shown in Figure 13.30. He attributed the steep rise of 
absorption at 3 microns to band-to-band transitions and the slow increase 
in absorption toward long wave lengths to fr^e-carrier absorption. Assum¬ 
ing that at an absorption constant of about! 140 cm -1 the photon energy 
was equal to the band gap, Gibson plotted Ea as a function of temperature 
for all three compounds, and this is shown ini Figure 13.31. The forbidden 
energy gaps apparently increase with temperature at the rate of about 
4 X 10~ 4 ev/deg. The magnitudes and temperature dependence of the 
energy gaps found by Gibson are in agreement with observed thresholds 
of photoconductivity in the thin films. j 

The study of the optical properties of the lead sulfide family was ex¬ 
tended to regions of higher absorption by Avery 96 who measured reflection 
from cleaved crystal faces. He observed a plateau of absorption extending 
from the long-wave length edge (photoconductivity threshold) to an ab¬ 
sorption maximum appearing at a wave length of less than one micron for 
PbS, PbSe, and PbTe. These features of the icurve of absorption vs. wave 
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Figure 13.30. Optical absorption vs. wave length for a crystal of PbS at various 
temperatures. ( After Gibson. 95 ) 
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Figure 13.31. Change in band gap with temperature for the lead sulfide family 
from Gibson’s analysis. j 

• 

t 

m 

• 

length, as well as its temperature dependence suggest that there are two 
mechanisms responsible jfor absorption. Avery attributes the shift of the 
long-wave length absorption edge to shorter wave lengths, observed by 
Gibson, as being due to a decrease of the efficiency of the long-wave length 
mechanism with increasing temperature. Except for a very slight difference 
between the dispersion pf p and n-type samples, presumably due to the 
formation of an oxide film, these optical measurements were independent 
of impurity concentration. 
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By measuring the reflectance at 6 microns, Avery obtained the refractive 

indexes: PbS 4.19 =t 0.06, PbSe 4.54 =b 0.10, and PbTe 5.48 =t 0.10. Since 

it is unlikely that dispersion due to the electronic absorption exists at wave 
lengths longer than 6 microns, the squares of these refractive indexes should 
be satisfactory values of . j 

Scanlon 97 has recently made high resolution optical transmission measure¬ 
ments on very thin PbS crystals providing continuous data through the 
long-wave length absorption edge. His data for absorption constant, as 
well as those of Gibson and of Avery, are shown in Figure 13.32. From an 
analysis of the energy dependence of absorption constant, Scanlon deduces 
that at 300°K the direct band-to-band transition (production of electron- 
hole pairs) takes place with a minimum energy of 0.41 ev, and that an 
indirect transition involving phonon cooperation takes place with a mini¬ 
mum energy of 0.37 ev. Thus, the minimum conduction band energy and 
maximum valence band energy are not located at the same point in the 
Brillouin zone, indicating that one or both pf the bands are of the “many- 
valley” type. j 

Hall effect and conductivity measurements have been performed on 
members of the lead sulfide family for many years. The early work was 
carried out on polycrystalline or thin film specimens and has been reviewed 

A 



WAVELENGTH IN MICRONS 

Figure 13.32. Optical absorption of very thin icrystals of PbS. Thicknesses of the 
samples used for different parts of the curve are shown. (After Scanlon. 97 ) 
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by Smith. Typical Hall data in the temperature range 77°K to 550°K 
for n and p-type PbS single crystals, taken from Brebrick and Scanlon, 94 
are shown in Figure 13.33. Below room temperature, the behavior is ex¬ 
trinsic with very low donor qr acceptor ionization energy. (Brebrick and 
Scanlon estimated the ionization energies to be 0.03 ev for donors and 0.001 
ev for acceptors.) Between room temperature and about 100°C, intrinsic 
conductivity becomes apparent. The Hall voltage of the p-type samples 
reverses sign, indicating that electron mobility exceeds hole mobility, and 
from the temperatures at which the sign change took place, Brebrick and 
Scanlon estimated that ! = 1.4 in PbS. From the slope of the Hall 
curve in the intrinsic region a f>and gap of 0.37 ev was obtained. This value 
is the same as that for the indirect optical transition and the threshold for 
photoconductivity. If, however, account is taken of the +4 X HP 4 ev/deg 
temperature dependence of th|e band-gap, observed by Gibson, according 

to Eq. (13.24), this thermal’ value should be about 30 per cent lower 
than the optical value. j 

The relationship between thermal and optical measurements of the band 
gap in PbS has been controversial for many years. Some of the original 
Hall effect measurements on sihgle crystals at high temperatures by Putlev 
and Arthur" seemed to indicate a band gap of 1.17 ev. Scanlon, 100 however, 
demonstrated that this large temperature dependence was the result of 
irreversible changes in stoichiometry; sulfur evaporates from PbS in an 
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Figure 13.34. Hall mobility as a function of temperature for members of the lead 
sulfide family. (After Smith. 109 ) 


argon atmosphere resulting in an increasing niimber of donors (presumably 
sulfur vacancies). 

The high temperature chemistry of donors and acceptors in PbS has been 
most thoroughly investigated by Bloem. 101 He correlates the quenched-in 
room temperature carrier concentration from Hall measurements with the 
temperature and sulfur vapor pressure of a high temperature heat treat¬ 
ment. These experiments were carried out for pure PbS and also PbS 
doped with silver and with bismuth. The results are in good agreement 
with the theories of semiconductor chemistry: presented in Chapter 7. 

The behavior of Hall mobility as a functiori of temperature for members 
of the lead sulfide family is shown in Figure 13.34. For both holes and elec¬ 
trons in all three compounds, the mobility seems to be well represented by 
a T 5/2 law. There is also virtually no dependence upon impurity concen¬ 
tration. The origin of this T~ o/2 mobility temperature dependence must 
still be regarded as something of a mystery. The lack of impurity concen¬ 
tration dependence indicates that we are dealing with a fundamental crys- 

tal property. I 

6 

• * 4 0 

It has been suggested by Petritz and Scanlon that the scattering is a 
mixture of acoustical mode, n a ~ 7 7-3/2 , and optical mode, \x Q ~ e 6IT , scatter¬ 
ing. They compute the coupling constant, a, \ according to 10.11 with the 
numerical values k = 17.9, k m = 15.3 and A*i 


80 microns. The effective 

= 0.28 


mass, m*, is considered to be an adjustable parameter. The result is a = 
(m*/m) 112 . They then compute the optical-mode scattering mobility accord¬ 
ing to the perturbation theory (Eq. 13.13), ahd adjust ra* to fit the data. 
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Figure 13.35. Attempts ;to fit PbS mobility with optical-mode scattering (curves 
A), and a combination of optical and acoustical-mode scattering (curves B). (After 
Petritz and Scanlon . 4 ) { 

Figure 13.35 shows Hall mobility data and two different attempts to fit it 
with theory. Curve A in each case was obtained assuming that only optical 
mode scattering is operative. Curves B were obtained assuming the mixture 
of acoustical mode and pptical mode scattering which best fit the data. The 
latter fitting yielded m*\ = 0.22 m for electrons and ra* = 0.1 m for holes. 

This attempt to understand mobility in PbS appears to be only mod¬ 
erately successful. One of the difficulties of a fundamental nature is that of 
accurately assessing the polar character of PbS, which is proportional to 

~ O/ KK oo • Ihe values used by Petritz and Scanlon are somewhat doubt¬ 
ful. The value 17.9 for k was obtained in 1894 on powdered material, and 
Avery’s 96 reflection measurements indicate that = 17.5 and not 15.3. It 
would appear that lead;sulfide might have virtually no polar character at 
all. The reststrahlen waive length of PbS is also somewhat doubtful. The 
infrared reflectivity rise$ slowly to a maximum as wave length is increased 
from 40 to 80 microns, however it remains nearly flat from 80 microns to 
220 microns, which is a£ far as the measurements have been carried. 102,103 

Thermoelectric poweii measurements have been carried out on PbS by 
Bloem 101 and on PbSe and PbTe by Putley. 104 However, their determi- 
nations of density-of-sta4es effective mass from a comparison with the Hall 
data require a knowledge of the scattering mechanism, which is at present- 
obscured by the T 5/2 mobility dependence. 

Magnetoresistance measurements by Irie 105 on lead sulfide suggest a many- 
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valley valence band with extrema along either the [100] or [110] axes. The 
conduction band appeared to be spherically symmetrical, however, the 
longitudinal magnetoresistance did not vanish, suggesting anisotropy in the 

relaxation time. I 

A curious, and as yet unexplained, effect ip PbTe has been observed by 

several investigators. 106, 107 ’ 108 Material which is p-type at room tempera¬ 
ture, and exhibits the usual Hall effect sign Reversal above room tempera¬ 
ture as it becomes intrinsic, exhibits a second Hall effect sign reversal at 
about 150°K indicating n-type conductivity at very low temperatures. 
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CHAPTER 14 


OXIDES OF THE 3d TRANSITION METALS 

F. J. Morin 

INTRODUCTION 

The transition metals combine with other elements to form a host of 
compounds which are electronic conductors and which range in chemical 
bonding from ionic (oxides), through covalent (sulfides, arsenides) to 
metallic (carbides, nitrides). 1 his range in valence character promises a 
great variety of energy band structures and transport processes and offers 
a rich field for theoretical and experimental investigation. No detailed 
determination of band structure or transport has been made for any of 
these compounds and so they constitute an enormous gap in our knowledge 
of the solid state. Indeed, except for the 3 d oxides, the semiconductor 
properties of transition metal compounds are largely unknown. In recent 
years, the use of these oxides in electric 1 and magnetic 2 circuit elements, 
in heterogeneous catalysis 3 and their importance in corrosion, 4 have em¬ 
phasized the necessity for a fundamental understanding of their properties. 

Now from our point of view the most fundamental aspect of a solid is 
its energy band structure. Therefore it will be the concern of this chapter 
to provide a tentative energy band scheme for the 3 d oxides. The dis¬ 
cussion will be restricted to the simple oxides and avoid the more com¬ 
plicated situations to be found in the oxide compounds such as garnets, 
spinels and perovskites. Because of the scarcity of reliable experimental 
data on single crystal material, the proposed scheme can only be regarded 
as tentative. At the same time, it provides a useful frame of reference for 
the planning and interpretation of future experiments. 

We can begin by considering a relatively simple oxide, zinc oxide for 
example, which is composed of ions having a closed shell electronic con¬ 
figuration. I he energy bands in zinc oxide arise, to a first approximation, 
from the filled 2 p levels of the CT and the empty 4s levels of the Zn + ~ 
which are broadened when the ions are brought together to form the solid. 
The filled 2 p band is separated from the empty 4s band by a forbidden 
energy region. Thus zinc oxide is a semiconductor. In the same way a 2 p 
band and a 4s band are expected to arise in the 3d oxides. However, it is 
not easy to see what to expect from the partially filled 3d levels of the 
cations and we must attempt to answer such questions as (a) whether the 
3d wave functions overlap sufficiently to form a 3d band in any of the 
oxides, or do not overlap, with the consequence that the 3d levels are 
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localized energy levels, and (b) the location in energy relative to the 3 d 
levels (or band) of the 2 p band of the anion lattice and the 4s band of the 
cation lattice. 

To learn something about the properties of a 3d band it is instructive 
to consider the energy band situation in the 3d metals. Energy band cal¬ 
culations have been made for some of these metals using the cellular and 
the tight binding methods. 5 Usually it is found that the 4s band is at 
least 10 ev wide and overlaps the 3d band which in Ni (for example) is 
about 2.8 ev wide. On the other hand, the 3d band can hold ten electrons 
per atom while the 4s band can hold only two electrons. This difference 
in numbers accentuates the difference in band width: per electron, the 
3 d band in Ni is only as wide as the 4s band. The narrowness of the 
band means a high effective mass and low mobility for charge carriers in 
the band. In the metals the electric current is carried largely by electrons 
in the 4s band, but these have their mobility decreased by transitions to 


the 3d band. In the 3 d oxides, the increased internuclear distance can be 
expected to reduce the 3 d band width still further because the overlap of 
the 3d wave functions will be greatly reduced. This will result in a further 
increase in effective mass and lowering of mobility. Later in this chapter 
it is shown that the 4s band probably does not overlap the 3d band in 
most of the oxides, with the consequence that electronic conduction can 
be entirely within the 3d band and thus involve carriers of very high effec¬ 
tive mass and very low mobility. On the other hand, transport in a 4s or 
2 p band, should it occur, will probably be evidenced by the relatively high 
mobility of low mass carriers in a wide band. Results of soft x-ray emission 
indicate the 2 p band in oxides to be 10 to 20 ev wide. 6 

When the 3d band becomes extremely narrow, it is no longer meaningful 
to assign a width to the band, and the 3d charge carriers can be considered 
to occupy energy levels localized on the cations. It was first pointed out 
by de Boer and Verwey' and by Mott 8 that this situation must exist in 
many oxides such as Cr 2 0 3 , Mn 2 0 3 , Fe 2 0 3 , CoO, NiO, and CuO, which 
are insulators when pure and stoichiometric and have room temperature 
resistivities exceeding 10 10 ohm cm. In order that conduction in the 3d 
levels can occur, there must be present, in pure NiO for example, some 
Ni ++ and Ni - ions (electron hole pair) which can move about by ex¬ 
changing electrons with the normal Ni h+ of the lattice. These excited 
states however, can only exist at high temperatures. Nickel oxide can be 
made conducting at room temperature by introducing Ni +++ ions into 
the lattice, either by a departure from stoichiometry (vacant Ni ++ sites) 
or by the substitution of Li + ions for Ni ++ ions. Wandering of the Ni +++ 
about the Ni ++ lattice by electron exchange is possible even though the 
cation separation of 3 A is twice the cation diameter. 

Transport of this type is expected to involve an activation energy asso- 
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dated with self trapping of the charge carriers. Mobility will be extremely 
low and increase exponentially with temperature. Such behavior is dis¬ 
tinctly different from transport in a band where mobility decreases with 
increasing temperature because of lattice scattering. Semiconductors in 
which transport is by electron transfer do not show many of the effects 
which have been used to study the band structure and transport in semi¬ 
conductors like silicon or germanium. For example, no Hall effect, photo¬ 
conductivity or carrier injection is observable, so transport measurements 
depend primarily upon Seebeck effect and electrical conductivity. 

The oxide series to be considered in this chapter are the following: 


Sc 2 0 3 (d°) 


TiO(d 2 ) 

TbOatd 1 ) 

Ti0 2 (d°) 


V 2 0 3 (d 2 ) | Cr 2 0 3 (d 3 ) | Mn 2 0 3 (d 4 ) 


FeO(d 6 ) 

Fe 2 0 3 (d 6 ) 


CoO(d 7 ) | NiO(d 8 ) I CuO(d*) 


The electronic configuration of the 3d shell is indicated. The 4s shell is 
assumed to be empty in all cases. The useful data concerning these oxides 
is scant and most of it has been taken on ill-defined polycrystalline samples. 
However, from these data we shall try to derive a general energy band 
scheme for the 3d oxides. Particular attention will be paid to transport 
and optical absorption because these properties give an indication of 3d 
band width. Also, because the majority of the 3d oxides are antiferro- 
magnets, any correlation between their magnetic and electric properties 
will be considered. On p. 602 a brief description of their magnetic prop¬ 
erties is given. On p. 606 crystal field theory is discussed in a simple way 
and is used to explain the available absorption spectra of the 3d oxides. 
On p. 612 it is shown to be probable that a 3d band having appreciable 
width exists in the oxides of Sc, Ti, and V, whereas in the remaining oxides 
the 3d wave functions appear to be localized on the cations. On p. 616 
the relative energies of the 4s, 3d, and 2 p levels are calculated. This energy 
level scheme is shown to fit fairly well the experimental result on NiO 
(p. 621) and Fe 2 0 3 (p. 628). Finally, on p. 631, a few speculations are 
made concerning transport in the localized 3d levels. 


ANTIFERROMAGNETISM 9 

The transition metal oxides are antiferromagnetic, a state characterized 
by an ordered antiparallel arrangement of electron spins. Since the elec¬ 
tronic structure of a solid underlies its magnetic as well as semiconducting 
properties it is not surprising that experiment's on oxides have shown a 
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connection between these two properties. Two ways of explaining mag¬ 
netism have been used—the energy band approach for transition metals, 
und the ionic approach for transition metal oxides. In transition metals, 
the magnetic atoms lie close together and there is an interaction between 
the spin moments of neighbors. This exchange interaction depends upon 
the overlap of atomic orbitals. Tor atoms having a partially filled 3 d shell, 
the interaction may be either negative (antiparallel spins) or positive 
parallel spins) depending upon interatomic distance and changing from 
negative to positive with increasing distance. It is possible to divide an 
antiferromagnetic metal crystal into two magnetic sublattices with each 
atom having nearest neighbors of opposite spins. The situation is different 
in transition metal oxides. In these, the magnetic cations are separated by 
anions. An example of this is MnO whose sodium chloride structure is 
diown in Figure 14.1. It is impossible for atom A' to have a spin direction 
antiparallel to that of all of its nearest neighbors since one half of these 
B ', C f , and D' neighbors must have parallel spins to give an equal number 
of up and down spins in the lattice. There is one spin ordering, however, 
in which A' is antiparallel to all of its next nearest neighbors and this is 
shown in Figure 14.1 and is the one actually found by neutron diffraction. 

But now the antiparallel magnetic ions are separated by anions and the 
problem is to explain how exchange interaction can occur when electron 



Hgure 14.1. The sodium chloride structure and antiferromagnetic spin alignment 
:n MnO. Spins in a (111) plane are parallel, with the [111] planes coupled antiparallel 
to each other. (After Gorier. 2 ) 
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orbits do not overlap. One way of approaching the problem was suggested 
by Slater. 5 Because of the exclusion principle, electrons of like spin will 
tend not to occupy the region between anion and cation. That is, electrons 
with plus spin on a cation will repel electrons with plus spin on the neigh¬ 
boring anion somewhat more than electrons with minus spin. This re¬ 
pulsion will deform the outer electronic shell of the anion. In Figure 14.1 it 
can be seen that anion X , for example, has three Mn ++ neighbors ( C',B,D 
in a (111) plane (dotted diagonals) and having plus spin. Anion electrons 
with plus spin will tend to collect on the side of the anion opposite from 
this plane of cations. Now this tendency will be aided if the (111) plane 
(solid diagonals) of cations ( C,D',B ') on the opposite side of X have minus 
spins, and it may be seen in Figure 14.1 that this is the case. Thus the 
antiferromagnetic alignment between spins in the {111 j planes represents a 
lower energy state than does the ferromagnetic alignment. A different 
quantitative description of the coupling between electron spins of two 
cations separated by an anion has been given by Anderson 10 and by Yama- 
shita and Kondo 11 and is called “superexchange.” Since the p orbitals of 
the anion are directed 180° apart, exchange is found to be strongest when 
cations are on opposite sides of the anion and weakest when they are at 
90° from the anion. 

At high temperature, thermal vibrations prevent the antiparallel order¬ 
ing of spins, and the material is paramagnetic. The transition temperature 
separating the paramagnetic and antiferromagnetic states is called the 
N6el temperature, T N . A plot of T N as a function of the number of spins 
per cation is given in Figure 14.2 for the oxides which are of interest in 
this chapter. The transition at T N is characterized by the occurrence of 



NUMBER OF SPINS PER CATION x 

Figure 14.2. Plot of N4el temperature, T N , against the number of spins per cation 
for some of the 3d oxides discussed in this chapter. 
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maxima in specific heat, magnetic susceptibility, and the expansion co¬ 
efficient. Electron spin resonance disappears below T N . The direction of 
spin alignment can be determined by neutron diffraction and magnetic 
susceptibility using single crystals. 

In the rhombohedral sesquioxides Ti 2 0 3 , V 2 O 3 , Cr 2 0 3 and Fe 2 0 3 , the 
cations are in pairs of closely spaced parallel layers, each pair of layers 
separated from the next pair by a layer of oxygen ions. The spatial arrange¬ 
ment of the ions projected onto a plane is shown in Figure 14.3. Cation 
layers are represented by solid horizontal lines and anion layers by dotted 
horizontal lines. The heavy lines show how four cations are coordinated 
with each anion. Each cation participates in eighteen cation-anion-cation 
configurations one third of which are shown in Figure 14.3. Because half 
the configurations include an angle of about 90°, only nine configurations 
are important in exchange interactions. The spin alignment shown in 
Figure 14.3 was found by neutron diffraction 12 and by magnetic suscep- 

• • • 13 # • 

tibility. Spin alignment has not been determined in Ti 2 0 3 and V 2 0 3 . 

A second magnetic transformation is possible in the rhombohedral 



® CATION 
• ANION 

(§) REFERENCE CATION 

A THREE-FOLD AXIS 

-- SPIN DIRECTION 

/N INCLUDED ANGLE ~90° 

Figure 14.3. A projection onto a plane of the spatial arrangement of a group of 
ions in the rhombohedral sesquioxides. Cation layers are represented by solid and 
anion layers by dotted horizontal lines. The spin orientation of the cation layers are 
shown for Fe2C>3 . The cation-anion-cation paths of superexchange are indicated by 
the heavy lines which do not include a 90° angle. {After Gilleo . 35 ) 
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sesquioxides, that is, a change in the direction of spin alignment from 
perpendicular to the threefold axis, as in Figure 14.3, to parallel to this 
axis. According to neutron diffraction, 12 magnetic susceptibility 14 and spin 
resonance, 15 this transformation occurs between —30° and — 15°C in Fe 2 0 3 . 

Another interesting property of Fe 2 0 3 is its weak ferromagnetism 16 which 
persists up to TV and has been explained on the basis of symmetry con¬ 
siderations. 17 The internal magnetic field due to the ferromagnetism pro¬ 
duces an anomalous Flail effect 18 which depends upon the magnetization 
of the material and disappears above T N . This Hall effect probably can 
be understood on the basis of the theory 19 for a similar effect found in the 

transition metals. It cannot be used as a measure of carrier concentration 
in the usual way. 

Exchange interaction, besides producing spin alignment, also tends to 
move the ions in such a way as to increase the exchange, and thus it causes 
lattice deformation. The net number of antiparallel neighbors increases 
with decreasing temperature because the opposing effect of thermal vibra¬ 
tion decreases; correspondingly, lattice deformation increases with de¬ 
creasing temperature. At temperatures below TV, the exchange coupling 
between the {111} planes of spin cause rhombohedral distortion in MnO, 
FeO, and NiO and tetragonal distortion in CoO. 20 Lattice distortion below 
Tn is also found in the rhombohedral sesquioxides. The exchange coupling 
between the cation layers contracts the lattice along the trigonal axis* 1 
but does not change the symmetry. 

ATOMIC ORBITALS AND THE CRYSTAL FIELD 22 

If the 3d wave functions in an oxide do not overlap to form an energy 
band but remain concentrated near the cation, the cation, in effect, is 
isolated and experiences, to a first approximation, only the electrostatic 
field due to the surrounding oxygens. Such a situation exists in the hydrated 
salts of the transition metals, for example the complex Ni(H 2 0) 6 ++ , where 
the cation is surrounded octahedrally by six H 2 0 molecules with the oxy¬ 
gens (the negative end of the water dipole) nearest the cation. Similarly 
in NiO, which is a face centered cubic structure, the negative oxygens are 
also arranged in a regular octahedron about the Ni ++ . In fact, the optical 
absorption spectrum for NiO is very similar to that for the hydrated salt. 
Therefore, these considerations suggest that the same theories might be 
applied to the 3d oxides as have been used in recent years to explain the 
optical properties of complex salts of 3d ions. Conversely, this implies 
that if a given oxide spectrum can be understood from this point of view, 
it can be inferred that the 3d wave functions in that oxide are concentrated 
near the cation and do not overlap to form a band. Accordingly, we will 
now see what available spectra indicate as to the possible existence of 3 d 
bands. 
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Three theories have been used to account for the properties of the com- 


plexe 


molecular orbital 1 
valence bond 24 
crystal field 


The 


— •/ -— */ ^ xu 10 auic, in ti oiiiipitj way, 

to give information concerning the excited states of the cation. Thus it 

•11 riT 1 ClVv __ 1* (* 1 1 1 . t ^ 


: umishes 
insight ir 


The crystal field theory assumes a purely ionic model and considers 
the effect of the octahedrally coordinated negative anions on the 3 d elec- 

Ir <,ns ^^ tb _ 1 _j • _ m i a 


I # -o-^ vxxvy \jcakjivjil anu no OU11 UUIlUlllgS 

15 s , n in Fi S ure 14 - 4 - Suppose, at first, that the central ion has a single 
-id electron with the quantum numbers l = 2 , s = §. There are five (21 + 1 ) 

d orbits all having the same energy in the isolated ion. The associated wave 
Junctions can be expressed as a function of radius, r, multiplied by func¬ 
tions with angular variation of the form xy/r, yz/r, zx/r\ ( x 2 - y 2 )/ r 2 

and (2 z — x — y )/r. These orbitals can be represented by the charge 
loud distributions shown in Figure 14.5. The xy, yz, and *z orbitals are 
designated as de and the other orbitals as dy . When negative anions are 

" n t4le X ’V’ Z axes > as in Figure 14.5, the negative charge clouds of the elec¬ 
trons in the dy orbitals, which are directed at the anions, are repulsed by 
.he charge cloud of the anion. Thus the dy orbitals have a higher electro- 
-tatic energy than the dt orbitals, which are directed between the anions 
mid the ground state of the central ion is split as shown by the energy 
.e\el diagram Figure 14.6 for an anion arrangement having cubic sym¬ 
metry which occurs in the rock salt oxides and trigonal symmetry which 
occurs in the rhombohedral sesquioxides. The trigonal case, since it in- 


* 

* 


CATION 

ANION 


Figure 14.4. A regular octahedron of anions surrounding a centrally located 
cation. 
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(x2-y2)/ r 2 (2Z 2 -X 2 - y 2 )/r 2 

Figure 14.5. Angular distribution of the five 3 d orbitals. 


dr 



de 

CUBIC 

FIELD 



ENERGY 


yz 

zx 


xy 



TRIGONAL 

FIELD 


Figure 14.6. Showing the ground state configuration of the five 3d orbitals: whe* 
in the free ion; in a crystal field of cubic symmetry (as in MnO, FeO, CoO and NiO). 
in a crystal field of trigonal symmetry (as in the rhombohedral sesquioxides). 


volves a regular octahedron of anions, yields nearly the same excited states 
as a cubic field with an additional broadening of the absorption bands due 
to the small splitting of the de levels shown. 

An important rule concerning the splitting of these levels is that their 
center of gravity in energy is not altered by the perturbation; i.e., 

3E e + 2E y = 0 (14.1 

Fixing the energy scale to be zero at the ground state of the free ion and 
defining 10 Dq as the energy difference between the two levels which * 
single 3d electron can occupy when subjected to a cubic field, gives fnri 
(14.1) 

Ee = -4 Dq (14.2 

E y = +6 Dq (14J) 
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(a) 




CUBIC FIELD 


d 2 AND d 7 

(c) 


P 


I 



(d) 


Figure 14.7. Positions of some excited states above the ground state for ions with 
electron configurations d 1 to d 9 . In each diagram the free ion is to the left and labeled 
with appropriate term symbols, the ion in a cubic field is to the right. 


The relative positions of the excited states above the ground state as 
determined for ions with electron configurations d l to d 9 subjected to a 
• ubic field are shown in Figure 14.7. To the left in each diagram are shown 
the free ion ground states, labeled with their term symbols. In diagrams 
c) and (d) the first free ion excited states having the same spin multiplicity 
as the ground states are also shown, and in (b) two excited levels for the 
iree ion are shown. To the right in each diagram are shown the ground 
state and excited states for the ions in the solid, as produced by a cubic 
crystal field of strength Dq. Configuration d'\ shown in (b), is plotted in a 
different way from the other configurations (after Orgel 27 ), because its 
excited states but not the ground state are split. In these diagrams the 
first excited state oi the ion corresponds to the excitation of an electron 
irom the de to the dy levels, for example, in NiO, configuration d 8 , the 
rirst excited state of the nickel ion is due to the electronic transition repre¬ 
sented by the change in configuration 








610 


SEMICOND U C TORS 


de 6 dy 2 —> dedy z 

which leaves a hole in the normally filled de levels. The energy of these 
two states can be calculated as follows. The ground state, de 6 dy 2 , is located 
at ( — 4 Dq X 6 + 6Dq X 2) = —12 Dq. The excited state, de b dy 3 , is located 
at ( — 4 Dq X 5 + 6 Dq X 3) = —2Dq. These energy levels are shown in 
Figure 14.7d. These transitions became allowed as a result of lattice vibra¬ 
tions 20 and hemihedral distortion. 26 

The available absorption spectra for some of the oxides are shown in 
Figure 14.8 together with the location of the absorption maxima of a 
hydrated salt of the cation in aqueous solution. The close correspondence 
between maxima found in hydrated complex and oxide for Fe +++ and Ni + ~ 
indicates the cation to be isolated in the oxide as it is in the hydrated 



Figure 14.8. Absorption spectra for Ti 2 0 3 , Cr 2 0 3 , Fe 2 0 3 , and NiO compared to 
the location of absorption bands for hydrated salts of the corresponding cations 
(Ti 2 0 3 spectra after Pearson; 32 Cr 2 0 3 spectra after D. S. McClure, unpublished; hy¬ 
drated salt spectra after Holmes and McClure. 43 ) 
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Table 14.1. 

Spectra of 

Oxides and 

Hydrated Salts 



Ion 

v\ (cm -1 ) 

Dq (cm -1 ) 

V2(cm -1 ) 

K3(cm 0 

Ti+++ 

exp. 

6000 





calc. 


600 




aq. 

20300 




y+++ 

aq. 

17800 


25700 


Cr +++ 

exp. 

16800 


21300 

>27000 


calc. 


1680 

24000 

30000 


aq. 

17600 


24700 


Fe +++ 

exp. 

12200 


>15500 



aq. 

12600 


18200 

24500 

Ni++ 

exp. 

8600 


15400 

> 22000 


calc. 


860 

15500 

26000 


aq. 

8600 


14700 

25500 


Note: 1 ev = 8100 cm -1 

Comparison of spectra of oxides: exp. (measured), calc, (calculated from oxide data and diagrams Figure 14.7), 
aq. (measured on hydrated salts). Data for the hydrated salts were taken from O. G. Holmes, D. S. McClure, 
/. Chem. Phys., 26, 1686 (1957). 


salt and suggests that the 3 d wave functions do not overlap in the oxides 
of the metals Fe and Ni. The spectra of Cr 2 0 3 , however, show a slight 
shift to frequencies lower than that of the hydrated salt, indicating a 
slight overlap of the 3 d wave functions. This shift becomes very large in 
the spectra of Ti 2 0 3 . The shift probably indicates that the cations in this 
oxide are not isolated as in their hydrated salts, and may be due to the 
overlap of 3 d orbitals, with the formation of a 3 d band. 

From the spectra, the energy level diagrams of Figure 14.7, and the 
values for the free ion excitation energies, X , from Ref. 28, the informa¬ 
tion given in Table 14.1 is obtained. The observed frequencies in the 
oxides, shown in column 1, were used to calculate the values of Dq in the 
2nd column. In turn, these were used to obtain the calculated frequencies 
in the final two columns. 

Another bit of information can be had from the absorption spectrum of 
Fe 2 0 3 containing titanium, Figure 14.8, which shows an additional ab¬ 
sorption band appearing at 6100 cm 1 when one per cent titanium is added 
substitutionally. Titanium is a donor in Fe 2 0 3 and in this concentration is 
nearly all ionized to give Ti ++++ and Fe ++ ions. This absorption band, 
therefore, is probably due to the Fe ++ ions so that, from this information, 
Dq = 610 cm -1 for the Fe ++ environment in Fe 2 0 3 . Now the value of Dq 
for Fe ++ in Fe(H 2 0)6 ++ is 1000 cm -1 , which can also be taken to be the 
value of Dq in FeO. The smaller value found for the Dq of Fe ++ in Fe 2 0 3 
suggests that the anions surrounding the Fe ++ ion are a greater distance 
from the Fe ++ ion in Fe 2 0 3 than in FeO. This is just what one would expect 
to find if the conduction electron (Fe ++ ) in Fe 2 0 3 polarized (repulsive 
polarization) the surrounding lattice. 
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THE 3 d BAND 

The inner electronic configuration of the 3d metals is that of argon 
As electrons are added to the argon core to build up the series, the nuclear 
charge is also increased. The electron cloud is thus subjected to an in¬ 
creasing nuclear charge but, on the other hand, the mutual repulsion of 
the + electrons increases. The over-all decrease in ionic radius going from 

Ca (r = 0.99 A) to Zn ++ (r = 0.83 A) indicates that nuclear attraction 

predominates over mutual repulsion and the electron cloud becomes 

contracted. Therefore, if 3 d wave functions overlap sufficiently to form 

a band in any 3d oxides, such band formation is to be expected at the 

beginning of the 3d series. Since, in fact, oxides such as Cr 2 0 3 , Fe 2 0 3 and 

NiO normally are insulators, it is in the oxides of Sc, Ti, and V that a 3d 

band might be expected. In the previous section it was suggested, on the 

basis of optical absorption, that there was evidence that such might be 

the case in Ti 2 0 3 . A comparison of the ionic radii of the trivalent cations 

plotted in Figure 14.9 shows how rapidly the radius (and therefore the 

extent of the 3d wave functions) decreases with increasing atomic number 

m the first three members of the series. The abrupt increase in the radius 

of Mn does not contradict this idea since it is due to the addition of 

the first dy electron which, since it interacts with the electron cloud of 

the anion, increases the effective radius of the cation. 29 Since no transport 

information exists for Sc 2 0 3 , the data for the oxides of Ti and V will be 
examined for evidence of a 3 d band. 

Ti0 2 (Configuration d°) 

In Ti0 2 , the electronic configuration of Ti ++++ is 3d°, so that if a 3d 
band exists we expect it to be normally empty. We have, however, the 



Figure 14.9. Showing the rapid decrease in ionic radius with increasing atomic 
number for the first few members of the 3 d series. This implies a contraction in the 
M wave functions and, therefore, a decrease in the amount by which they may over¬ 
lap to form a 3d band. (Ionic radii from V. M. Goldschmidt, Internationale Tabellen- 
zur Bestimmung von Kristallstruktoren Vol. 2 berlin 1935.) 
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possibilities of supplying electrons to the 3d band by excitation from 
imperfections or from the filled 2 p band. Hall mobility of conduction 
electrons has been measured by Breckenridge and Hosier, 30 in ceramic and 
single crystal samples of Ti0 2 (rutile). The electrons were thermally excited 
from lattice defects introduced by slight reduction of the samples. Room 
temperature mobility ranged from 0.1 to 1.0 cm 2 /volt sec for all samples, 
the crystals tending to have the higher values. The mobility decreased 
in a normal way with increasing temperature. This mobility is one hun¬ 
dred to one thousand times smaller than electron mobility found in ZnO 
and is precisely what is expected from transport in a 3d band. 

Conductivity, photoconductivity, and optical absorption have been 

31 • • • • 

measured by Cronemeyer' on pure stoichiometric single crystals of rutile. 
These data indicate an intrinsic forbidden energy gap of 3.05 ev. Above 
1200°K, however, the conductivity temperature dependence suggests an 
increase in the energy gap to 3.67 ev. Presumably, the 3.05 ev represents 
an electronic transition from the filled 2 p band of the oxygen lattice to 
the empty 3 d band, which was indicated by Hall mobility to be the con¬ 
duction band. The increase in the energy gap at high temperature, by as 
much as 0.6 ev suggests two possibilities: either the 4s band of Ti ++++ is 
near to the upper edge of the 3 d band and transitions to that are also 
important, or the 3d band is split into two sub-bands. Considerations to be 
discussed on p. 621 show that the 4s band is probably too high in energy 
to play a role in conduction in the oxides. The second alternative, that is 
splitting of the 3d band into de and dy sub-bands, seems to be the most 
likely. 

The photoconductivity data, Figure 14.10, only extend to 3.4 ev, pre- 



Figure 14.10. Photoconductivity in stoichiometric single crystal rutile (After 
Cronemeyer. 31 ) 
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sumably not high enough in energy to show the peak of the dy band. At 
room temperature, photoconductivity shows a single absorption band 
having a maximum at 3.0 ev, probably the dt band, and a broad shoulder 
at higher energy which may be the beginning of the dy band. The width 
of the main absorption band seems to be a few tenths of an electron volt, 
which is very reasonable for a 3 d band. At 103°K this band gives an indica- 
tion of splitting. This is not surprising since the cation in the rutile structure 
is not at the center of a regular octahedron of anions. 

TiO (Configuration d 2 ) 

Besides Ti0 2 , the only oxide for which there is fairly clear evidence of 
a 3 d band is TiO. This oxide behaves like a metal, indicating the existence 
of a partially filled 3 d band. According to Pearson, 32 room temperature 
conductivity is 3500 ohm 1 cm 1 and increases slowly with decreasing 
temperature. Conductivity also decreases in a ratio of 7:12 when the 
oxygen content is increased from TiO 0 . 7 to Ti0 lm2 . This is to be expected 
if the effect of changing the stoichiometry is to produce an equal change 
in the number of 3d electrons in the 3d band. If all the 3d electrons, 6 X 
10 foi stoichiometric TiO, are assumed to be involved in conduction, the 
electron mobility can be calculated from Eq. (1.42) to be M = a /qn = 

3500/(1.6 X 10 19 X 6 X 10 22 ) = 0.36 cm 2 /volt sec at room temperature. 

this is comparable with the mobility in Ti0 2 and suggests conduction in 
a 3d band in this case also. 

Ti 2 0 3 (Configuration d 1 ) and V 2 0 3 (Configuration d 2 ) 

Since these oxides contain respectively one and two 3d electrons per 
cation, metallic conduction is expected if a 3d band exists in them just as 



Figure 14.11. Conductivity of ThOs through the Neel temperature. Sample A 
after Foex and Loriens; 44 sample B after Pearson 32 . 
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Figure 14.12. Conductivity of V 2 0 3 through the N6el temperature. (After Foex 45 ) 


:n the case of TiO. Conductivity data for these oxides are shown in Figures 
14.11 and 14.12. The outstanding fact about these data is the large dis¬ 
continuity in conductivity at T N for a number of samples. (The lack of a 
discontinuity in some cases will be discussed later.) No other oxides have 
shown such behavior and it is this behavior which suggests an energy band 
scheme that explains fairly well the information available for these oxides. 
To begin with, one expects the 3 d band to be split by the crystal field into 
the dy and de sub-bands. It is proposed, further, that the de band may be 
split by the magnetic exchange interaction into a lower filled band and an 
upper empty band. Thus, in a pure stoichiometric sample at temperatures 
below T n the Fermi level would be midway between the occupied de band 
and the empty de band. When the temperature of the sample is raised 
through T n the bands would collapse into a single partially filled band 
and cause metallic conduction. V 2 O 3 sample A behaves in this way. If it 
is assumed that carrier mobility does not change very much on going 
through T n , and that the conductivity change is due only to the change 
in carrier concentration resulting from the collapsing of de bands, the 
amount of discontinuity to be expected in the conductivity of a pure 
stoichiometric sample can be estimated. This will be simply a factor of 
exp (Ef/FTn) where E F is taken to be the slope of the conductivity curve 
below T n . For V 2 0 3 sample A this factor is exp(0.2/8.63 X 1CT 5 X 170) = 

S X 10 , which is very close to the measured discontinuity. For Ti 2 0 3 
sample A the factor is exp(0.11/8.63 X 10 ~ 5 X 470) = 15, again very 
close to the observed discontinuity although this sample does not show 
metallic conduction above T N . A remarkable point about these two cases 


Sample A 
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is that the Fermi energy is changed at the discontinuity by an amount 
considerably greater than the exchange energy kT N . 

If a sample departs from stoichiometry several effects can be imagined 
which would work to obscure the discontinuity: the odd, or missing, cations 
in the lattice will tend to decouple the spin system; they may break up 
the periodicity of the lattice and disrupt the 3 d band; they will alter the 
conductivity by acting as donors or acceptors. Ti 2 0 3 samples A and B 
and V 2 O 3 sample B probably show these effects in varying degrees. With 
the band disrupted, transport probably occurs as in oxides such as NiO 
and metallic conduction does not appear above T N . The presence of 
donors or acceptors increases the conductivity below T N and minimizes 
the effect of the magnetic transition on the conductivity. 



Sc Tl V Cr Mn (OXIDES) 

Figure 14.13. Schematic showing how 3d band width goes to zero and effective 
mass, m*/m, of charge carriers increases as 3d wave functions contract with increas¬ 
ing atomic number. 

An estimate of electron mobility for V 2 0 3 sample A above T N gives 

n = a/nq = 60/(8 X 10 22 X 1.6 X 10 19 ) = 5 X 10 -3 cm 2 /volt sec. 

Thus mobility in a single crystal may be of the order of 10 -2 cm 2 /volt sec. 
which is more than an order of magnitude less than in Ti0 2 , so the 3 d 
band in V 2 0 3 is probably not much greater than kT in width at tempera¬ 
tures above T N . 

It seems reasonable to conclude from the considerations and results ci 
this and the previous section that a 3 d band exists in the oxides of Sc, TL 
and V, probably going to essentially zero width in chromium oxide. A 
schematic of this idea is shown in Figure 14.13. 

RELATIVE ENERGIES OF THE 4s, 3 d, and 2 p LEVELS 

We saw in the last section that, of the 3 d oxides, probably only those ot 
Sc, Ti, and V are like ordinary semiconductors in that their charge car- 
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Figure 14.14. NiO lattice with Ni+++ acceptors near a cation vacancy and a substi 
tuted Li+, Ni+ electron and Ni++ + hole, and a 0~ hole in the 2 p band. 


riers are in energy bands. When we come to Cr 2 0 3 and the remaining 3d 
oxides we find an entirely new situation. The 2 p and 4s bands are quite 
comparable to the bands in ZnO, for example, and can be represented on 
the usual one-electron energy diagram. However, the energy of conduction 
electrons and holes in the localized 3d levels must be represented in a 
different way since they are in excited states of the cation. 

It is possible to find, in a very approximate way, the relative energies 

of the unbroadened 4s, 3d, and 2p levels in an oxide by using data from 

the Born cycle, and spectroscopic data for the free ions and neglecting 

lattice polarization about an electron or hole. NiO, Figure 14.14, is taken 
as an example to show how this is done. 

Charge carriers are produced by the following reactions in which the 
electronic states represented are separated by large distances in the crystal: 


0 (2 p 6 ) + Ni ++ (3d 8 ) 


0 (2p 5 ) + Ni + (3d 9 ) 


Ni ++ (3d“) + Ni ++ (3 d 8 ) 


-8 


Ni ++ 3d'4s 


Ni 


+ + + 


Ni ++ (3d 8 ) 


8 - 


Ni 


+++ 


(3d 7 ) + Ni + (3d 9 ) 
(3d 7 ) + 4s electron 


F Ni Ni +++ (3d 7 ) + Ni ++ (3d 8 ) 
Li + Ni +++ (3d 7 ) + Ni ++ (3d 8 ) 


F Ni Ni ++ (3d 8 ) + Ni 
Li + Ni ++ (3d 8 ) + Ni 


8 


+++ 


+++ 


(3d 7 ) 

(3d 7 ) 


(14.4) 

(14.5) 

(14.6) 

(14.7) 

(14.8) 


These reactions represent: (14.4) the formation of a hole in the 2 p band 
and an electron in the 3d levels; (14.5) the formation of an electron-hole 
pair in the 3d levels; (14.6) the excitation of an electron to the 4s band 
and formation of a hole in the 3d levels; (14.7) the trapping of an electron 
at a lattice vacancy acceptor with the formation of a hole in the 3d levels; 
( 14.8) the trapping of an electron at a Li + acceptor site with the formation 
of a hole in the 3cHevels. Consider first the energy necessary to remove an 
electron from 0 and place it on a distant Ni ++ in the lattice as shown 
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by reaction (14.4). The total electron affinity of an oxygen atom (0 going 
to O ) determined by the Born cycle, is repulsive and equals —7.5 ev. B 
The affinity of 0 for the first electron is +2.2 ev, 31 hence the negative 
affinity for both electrons is due to the affinity for the second electron 
(0 -> 0 ), which therefore amounts to -9.7 ev. This energy is plotted 

relative to the 2p 5 level plus a free electron on the left of the energy diagram 
in Figure 14.15. Ihe ionization potential of Ni + (3d 9 ) and the other spectro¬ 
scopic data come from Ref. 28. This ionization potential is 18.2 ev, and it 

CT~ NL+ Nl ++ 
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plotted relative to the 3d level in the diagram. (These energies are 
plotted with reversed signs since in the process we are investigating an 
electron is to be taken from 0“ ~ and placed on the Ni ++ , and this is the 
reverse of the process for which the energies are quoted.) 

When the ions are brought together to form the lattice, the potential 
at the position of a positive ion, due to all the other ions in the lattice, is 
negative, and at the position of the negative ion it is positive. As a result, 
the 0 - level is depressed and the Ni ++ level raised (as shown in the 
diagram) by the amount of the Madelung potential 33 of NiO, which is 
23.8 ev. Thus we find these levels moved to —14.1 ev (2 p e ) and +5.6 ev 
(3d). The difference in energy of these two levels, 19.7 ev, is the energy 
of reaction (14.4), and it was arrived at by considering only free ion po¬ 
tentials, which are a measure of the energy necessary to remove an electron 
from a free ion out to infinity. In this process the electron would experience 
the potential of the ion all the way to infinity. In the lattice, however, the 
process is carried out in a dielectric, consequently the energy required for 
the reaction is reduced by the dielectric constant of NiO. Taking this 
constant to be about 5, the separation of the two levels is thus reduced 
to 19.7/5 = 3.9 ev as shown on the diagram to the right. This energy is 
probably reduced even further by broadening of the 2 p levels into a 2 p 
lattice band, so that the energy required to produce a free hole in the 2 p 

band and an electron in the 3 d levels is expected to be less than 3.9 ev in 
NiO. 

The next process of interest, given by reaction (14.5), is to take an elec¬ 
tron from a Ni ++ and place it on another Ni ++ far removed in the lattice. 
The 3 d 8 level is located, with respect to the 3d 7 level in the left of the dia¬ 
gram, at —36.2 ev. Adding to this the Madelung potential raises it to 
-12.4 ev. This lies 18.0 ev below the 3d 9 level calculated in a similar 
manner in the preceding paragraph. In the lattice, therefore, the transition 
will require 18.0/5 = 3.6 ev. Thus, on the right hand side of the diagram, 

the 3d level is plotted 3.6 ev below the 3d 9 level which had been located 
in the first calculation. 

Reaction (14.6) represents the transition of an electron from a Ni ++ 
into the 4s band. The first step in calculating the energy required for this 
process is to take an electron from the ground state, 3d 8 , to the first excited 
4s state, given by 3d 7 4s. The location of this excited state with respect 
to the ground state is plotted to the left of the diagram at —29.6 ev and 
in the center at -5.8 ev by adding the Madelung potential, which places 
it 6.6 ev above the 3d level. Thus it requires 6.6 ev to produce this excited 
state of the cation, which is a bound hole-electron pair. The additional 
energy required to separate this pair (essentially to remove the electron 
from the field of the cation) is approximately given by q /kcl where k is the 
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dielectric constant and a is the distance between cations. This energy 
amounts to 1.0 ev, so that the energy required to free an electron from 
a cation and place it in a band of 4s states = 7.6 ev. This is plotted with 
respect to the 3d 8 level at the right of the diagram. Due to broadening of 
the 4s levels into a band the actual separation will be reduced to something 
less than 7.6 ev. 

Considering now the process (14.7), excess oxygen in the NiO lattice 
introduces vacant Ni ++ lattice sites, which act as acceptors and produce 
conduction holes in the 3 d levels. The relative location in energy of such 
an acceptor level has been calculated by de Boer and Verwey, 7 although 
they neglected the effect of the dielectric constant of the solid. Their 
argument is as follows. Each vacant Ni ++ site is surrounded by twelve 
Ni ++ ions and the situation to be considered is that two of these ions 
yield an electron each to form Ni +++ ions to compensate for the absence 
of the Ni ++ ion. This is shown in Figure 14.14. Each Ni +++ is surrounded 
by a normal lattice minus one Ni ++ at a distance ay/ 2/2, plus one positive 
charge (Ni +++ ) assumed to be at ay/2, the greatest separation from the 
first Ni +++ . Hence the potential at one Ni +++ site amounts to the normal 
Madelung potential plus 2q /ay/ 2/2 — q 1 /ay/2 = 23.8 + 9.8 — 2.4 = 
31.2 ev. Thus the level of this ion is raised 7.4 ev above that of the normal 
3d 8 ions, as shown in Figure 14.15. Considering the dielectric constant, 
the energy required to transfer an electron from a distant Ni ++ ion to a 
Ni +++ next to a vacancy will be 7.4/5 = 1.5 ev. This level is plotted to 

8 i 

the right in Figure 14.15 with respect to the 3d level. On this same basis, 
in reaction (14.8), a substitutional Li + will produce a Ni +++ acceptor 
level at 0.5 ev above the 3 d level. 

The calculated energies involving four of these reactions are shown by 
vertical arrows to the right of the diagram. They will be used in following 
sections as guides in analyzing the data for NiO and Fe 2 0 3 . It will be 
seen on p. 626 that these calculated energies are probably larger than the 
actual energies found in NiO by approximately a factor of two. Because 
of this it is suggested that the dielectric constant of NiO is nearer to ten 
than to the value of five assumed in these calculations. 

The Madelung potential is about the same for all the monoxides CuO 
through TiO. However, as we go from CuO to MnO, the second and third 
ionization potentials of the cation become progressively smaller. This 
raises the 3 d levels in energy with respect to the 2 p band. In MnO, for 

3 • ^ 

example, the 3d’ level is about 4.5 ev above the 2 p band as compared to a 
separation of 3.9 ev for the 3d 9 level in NiO, (assuming a dielectric constant 
of five in both cases). Therefore conduction by 2 p holes may be less im¬ 
portant in the oxides which are earlier in the series than in NiO. 

Madelung constants are not available for the individual ions in the 




OXIDES OF THE 3d TRANSITION METALS 


621 


rhombohedral oxides where anions and cations do not occupy equivalent 
lattice sites. Therefore the relative positions of the 3d levels and the 2p 
band in these oxides cannot be determined easily. 

Ihe location (as given in Ref. 28) of the 3d '4s state with respect to the 
ground state in the free ion indicates that the As band becomes farther 
removed from the 3d levels as the charge on the cation is increased. Thus 
:he 4s band probably plays no role in conduction in any of the oxides 
having cations with charge +2 or greater. The energy of the 3d-3d transi¬ 
tion is given by the difference in ionization energy of the ground states, 
3 d n and 3d n+1 , divided by the dielectric constant of the oxide, as shown 
above lor NiO. The only sesquioxide of interest here, for which spectro¬ 
scopic data are available is Cr 2 0 3 , (which is one not having a 3d band), 
for which the interval 3d 3 -3d 4 is 18.6 ev. This is about the same as 3d 8 -3d 9 
in NiO. 

The simple oxides, then, when pure and stoichiometric, can be expected 
to show conduction involving 3d holes and electrons and 2p holes, as a 
result of the processes shown in (14.4), (14.5) and (14.6). These are the 
processes corresponding to intrinsic conduction arising from excitation 
across the forbidden gap in the semiconductors discussed in earlier chap¬ 
ters. They will probably appear to be p-type because conduction by high 
mobility 2p holes will predominate over the conduction by low mobility 
electrons in the 3d levels. On the other hand, when an oxide is impure or 
departs from stoichiometry, as in (14.7) and (14.8), its type will depend, 
in addition to this intrinsic behavior, upon the particular valence state 
°1 the cation and upon the valence states available to the cation. It was 
shown above how excess oxygen or substitutional Li + in NiO introduced 
Ni +++ acceptor levels near to the 3d 8 levels. In Ti0 2 a departure from 
stoichiometry produces Ti +++ ions which are donors with respect to Ti ++++ 
ions and introduce donor levels near to the 3d band. In general, when the 
cations are in their lowest valence state a defect will be such as to cause 
the oxide to be p-type and when the cations are in their highest valence 
state a defect will be such as to cause the oxide to be n-type. Oxides such 
as 4 e 2 03 in which the cations are in an intermediate valence state can be 
made to go either into n-type or p-type. However, at high temperatures, 
even impure oxides will tend toward p-type, because of conduction by 
high mobility 2p holes. The energy levels of course, discussed on p. 609 
exist in addition to those shown in Figure 14.15 but they are excited states 
which do not contribute to conduction. 

NICKEL OXIDE, NiO 

Much more information is available for NiO than for the other cubic 
oxides, so it will be considered in detail. The structure of NiO and a pos- 
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Figure 14.16. The resistivity of NiO as a function of Li content 
x after Verwey. 46 


o after Morin* 7 ; 
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chapter. It is a p-type semiconductor, apparently even when pure and 
stoichiometric, and no n-type form has been reported. Room temperature 
resistivity for pure NiO is approximately 10 13 ohm cm. This can be lowered 
to about 1 ohm cm by the addition of Li as shown in Figure 14.16. 

The transport data available for NiO are due to Wright and Andrews “ 
taken on oxidized pure Ni films, and to Morin, 37 taken on sintered bars 
containing different amounts of Li and also presumed to vary in oxygen 
content. The data are shown in Figures 14.17, 14.18, and 14.19. Samples 

i/i j udglng from the method of preparation (see references), their 
CO or (pale green), and their electrical behavior, are considered to be the 

purest and most nearly stoichiometric. Conductivity and thermoelectric 
eflect of the other samples approaches that for these samples at high tem¬ 
peratures in a way typical of semiconductors when impurity centers be¬ 
come completely ionized and intrinsic conduction predominates. In the 
intrinsic range both Hall effect and thermoelectric effect remain p-type 
According to the calculations on pp. 617-620, the energy level diagram 
(Figure 14.20) can be constructed. Three parallel conduction processes 
are expected for NiO, from reactions (14.4) and (14.5): oi, high mobilitv 

2p holes; <r 2 , low mobility 3 d holes; <r 3 , low mobility 3 d electrons, so that 
total conductivity is given by 


O'! + 02 + 


0"3 


(14.9 


Carrier concentration will be given, choosing E\ = 0 as the zero of energy. 

4/ 
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Figure 14.17. The conductivity of NiO (samples 1, B x and E) and of NiO contain¬ 
ing Li (samples 4, 5, and 6; see Figure 14.16). Samples 1, 4, 5, and 6 from Ref. 37; 
samples B x and E, from Ref. 36. 


Vi = 

■ 2 rn 

exp (— E F /kT ) 

(14.10) 

P2 = 

= N exp [ — (E f - 

- E,)/kT] 

(14.11) 

n z = 

= N exp [-(#3 - 

- E,)/kT] 

(14.12) 


where N is the number of cations per cm 3 . 

No Hall effect is expected from carriers p 2 and n 3 in localized 3 d levels 
and none has been observed. Under conditions of sufficiently high purity 
and stoichiometry, or at elevated temperature where an appreciable frac¬ 
tion of the current is carried by 2 p holes, a Hall effect due to these holes 
is expected. Since such a Hall effect is due only to 2 p holes, but the current 
is carried by three kinds of carriers, the Hall coefficient is given by 

2 

_ PiMi 


(pw + P2M2 + W3M3 ) 2 q 



(14.13) 
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Figure 14.18. The Seebeck effect of NiO (samples 1, B x , and E) and NiO contain 

ing Li (samples 4, 5 , and 6; see Figure 14.16). Samples 1 , 4, 5, and 6 from Ref. 37 
samples B x and E from Ref. 36. 
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Figure 14.19. The Hall Coefficient of XiO (samples B x and E from Ref. 36 > 
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Figure 14.20. Energy level diagram proposed for NiO. 

Because the 3d carriers give no Hall effect, their behavior has been 
studied using another tool, the Seebeck effect (see Chapter 8). In inter¬ 
preting the Seebeck effect of the 3d oxides, it is assumed that 3d carriers 
transport no kinetic energy since they spend most of their time trapped 
on lattice sites. Therefore there is no phonon-drag effect associated with 
them and their Seebeck effect is due only to their separation in energy 
from the Fermi level. For simplicity it is assumed that there is no phonon- 
drag effect associated with 2 p holes. This assumption is probably a good 
one since most of the data have been taken at elevated temperatures where 
this effect is at a minimum. The 2p holes are assumed to carry a kinetic 

energy of 2kT. ihe over-all thermoelectric effect produced by three kinds 
of carriers is given by 


QJ a — Q\To"\ + Q 2 T(T‘ 


QzTaz 


(14.14) 


or 


QT 


a 


(E 


Ex + 2kT)<rx + (E F — E 2 )< 7 2 


(E 3 - E,) 0-3 (14.15) 


The problem is to determine three carrier concentrations and three mo¬ 
bilities from only three independent experiments. This complicated cal¬ 
culation will not be attempted here. Rather, two extreme situations will 
now be assumed: (a) NiO doped with so much Li that only 3d holes con¬ 
tribute to conduction, and (b) NiO so pure that 2 p holes predominate in 
conduction. 

In l'igure 14.16 it is shown that the conductivity changes in direct 

proportion to the amount of Li added for high concentrations of Li. One 

infers from this that each Li added contributes one hole to conduction 

and that nearly all the impurity centers are ionized. Thus conduction is 

entirely extrinsic and due to 3d holes. Under these simplified conditions 
Eqs. (14.9) and (14.14) reduce to ’ 


a 


<r 2 


(14.16) 


and 


QT = (E f - E 2 ) 


( 14 . 17 ) 
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Figure 14.21. 4 he mobility of holes in the 3 d 8 levels of NiO obtained from meas¬ 
urement of conductivity and Seebeck effect. (See Figure 14.16 for composition of 
samples 5 and 6.) 

Knowing now, from (14.17), the location of the Fermi level with respect 
to the 3d 8 levels, the concentration, p 2 , of 3d holes can be calculated from 
Eq. (14.11) if the density of states, N, available to the holes is known, 
this is assumed to be the number of cations per cm 3 of crystal, which is 

5.6 X 10" in NiO, since we are dealing with holes localized on the cations 
rather than in an energy band. 

Now, with the measured a, and the hole concentration calculated in 
this way from QT for sample 6 , the mobility, , of the 3d 8 holes has been 
calculated and is plotted in Figure 14.21. Both in magnitude and in tem¬ 
perature dependence, this result is in accord with the ideas concerning 
transport in highly localized 3d orbitals discussed earlier. Mobility at 
300°K is 0.004 cm /volt sec and increases exponentially with temperature, 
with an activation energy of 0.10 ev. At low temperatures QT (sample 6 
is constant with temperature, at 0.10 ev. If the Fermi level lies halfway 
between the 3d 8 levels and the acceptor states, this would indicate then 
that the [Li + Ni +++ ] acceptor levels are 0.20 ev above the 3d 8 levels in 
this sample, as compared with the value of 0.5 ev calculated on p. 620 
and shown in Figure 14.15. This suggests that a somewhat higher value 
should have been chosen for the dielectric constant in these calculations. 
On the other hand, at the high density of defects existing in sample 6. 

interaction among defects may occur, and this would reduce their ioniza¬ 
tion energy. 

A calculation of p 2 and /z 2 has been made for sample 5, in which the 
[Li + ] is not in the range where a 2 is directly proportional to [Li + ] (see 
Figure 14.16). The mobility results are shown as dashed lines in Figure 
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14.21. At temperatures for which 1/T = >1.5 X 10“ 3 they are parallel 

to, but much lower than, the results for sample 6 ; at higher temperatures 

they rise rapidly with temperature. Now, it is being assumed that transport 

of holes in the 3 d 8 levels consist of Ni ++ states drifting by jumps from 

one cation to a neighbor cation under the influence of the applied electric 

held. Iherefore, it seems likely that mobility for this type of transport 

will be independent of impurity concentrations. In fact, this is suggested 

in Figure 14.16 by the direct proportionality between conductivity and 

Li concentration for high Li concentration. Consequently the results on 

sample 5 probably mean that conduction in the 2 p band is appreciable 

in this sample and cannot be neglected in any sample containing less than 

3 X 10 3 atom fraction of Li (or approximately 2 X 10 20 Li atoms/cm 3 ). 

This suggests, further, that the 2 p band is not much farther below E F 

than are the Jd 8 levels, in accord with the energy level diagram Figure 
14.15. 

Now assume the second situation, i.e., pure NiO, with only 2 p holes 
involve in conduction, and m = Rhct. This result for sample E is shown 
in Figure 14.22. Also, from this assumption Eq. (14.15) reduces to 

QT = (E f + 2 kT) (14.18) 

tiom this pi can be calculated from Eq. (14.10); assuming m*/m = 1, 
and since a\ = cr, ui can again be calculated. This has been done for samples 
1 and Bi and is also plotted in Figure 14.22. There the u\ results are com- 



Figure 14.22. The mobility of holes in the 2 p band of stoichiometric NiO obtained 
from measurement of conductivity, Hall effect and Seebeck effect. 
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pared with p L , a lattice scattering mobility considered reasonable for 
carriers in the wide band of an oxide (see for example, the discussion for 
ZnO in Chapter 13). The high values found for p x support the idea that 
2p holes are involved in the conduction. That the temperature dependence 
found is quite far from a reasonable one shows that the other conduction 
processes also play a role in these samples and cannot be neglected. These 
results, then, do not represent true 2p hole mobility. They do indicate 
however that the energy level scheme proposed for NiO is a reasonable 
one. 

With this model in mind, the QT results of Figure 14.18 can be under¬ 
stood in a qualitative way. At low temperature E F is midway between 
E 2 and E a , the acceptor levels, so that a = a\ + a 2 . As the temperature 
is raised E F moves upward through E A as acceptors become completely 
ionized, and QT increases accordingly. Finally, at high temperatures, all 
the acceptors become ionized in the purest samples, E F lies nearly midway 
between E 2 and E z , and QT becomes constant with temperature. Under 
these conditions, Q 2 T(t 2 — Q 3 7V 3 approaches zero, and QT is p type due 
largely to 2p holes. At high temperature, measured QT for samples 1 and 
Bi is about 1 ev. Furthermore, the slope of the conductivity and Hall 
coefficient plots for these two samples is also about 1.0 ev at high tem¬ 
perature. These results suggest that the 2 p band is about 1.0 ev below the 
Fermi level in the intrinsic situation and, therefore that the energy levels 
of Figure 14.15 should be scaled down by a factor of one half. This is also 
in fair agreement with the finding that the [Li + Ni +++ ] acceptor level lies 
0.2 ev above the 3d 8 level rather than 0.5 ev as was calculated. Evidently 
the value of ten would have been a better assumption for the dielectric 
constant of NiO. 

IRON OXIDE, FeoOu 

Magnetic and structural properties of the rhombohedral sesquioxide of 
iron have been described on p. 605. Its semiconductor behavior is veri¬ 
similar to that of NiO except that Fe 2 0 3 can exist as either n or p-type 
because the cation can take on a lower as well as a higher valence state. 
Oxidation causes pure Fe 2 0 3 to become p-type, probably due to the pro¬ 
duction of Fe ++++ ions in the vicinity of cation vacancies. Reduction 
causes pure Fe 2 0 3 to become n-type, probably due to the production of 
excess cations in the form of Fe ++ ions. With respect to the normal lattice 
of Fe +++ ions, Fe ++++ is a hole and Fe ++ an electron. The room tempera¬ 
ture resistivity of Fe 2 0 3 is approximately 10 13 ohm cm. This can be lowered 
to about 4 ohm cm by the addition of Ti. It is known from an x-ray study* 
that in the isomorphous compound FeTi0 3 , the cations are Fe ++ and 
rp-++++ a ^. room temperature. Presumably, then, Ti +++ in Fe 2 0 3 als* 
ionizes, to give a 3 d electron (Fe ++ ) and a Ti + ^ ++ ion. The change in 
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COMPOSITION X IN TL X F©l2-l) °3 


Figure 14.23. The resistivity of Fe 2 0 3 as a function of Ti content. 18 


resistivity with added Ti is shown in Figure 14.23. At high Ti concentra¬ 
tions the resistivity does not decrease with added Ti. This may be due 
to a shifting oxygen equilibrium with Ti content which introduces ac¬ 
ceptors that compensate some of the donors. 

Transport data 18,39 available for FT 2 O 3 have been obtained on sintered 
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Figure 14.24. The conductivity of Fe20 3 (samples 1, A, and 2) and Fe 2 0 3 contain¬ 
ing Ti (samples 3 and 4; see Figure 14.23 for composition). 
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• F 'f l , re 14 f 5 ' The See beck; effect of Fe 2 0 3 (samples 1,A, and 2) and Fe 2 0 3 contain- 
ln g li (samples 3 and 4) see Figure 14.23 for composition). 

bars and consist of conductivity, Figure 14.24, and thermoelectric effect, 
' ’Sure 14.25. Samples 1 and A are identical in conductivity but the thermo¬ 
electric effect shows that due to the different conditions of sintering, sample 
1 is p-type and sample A is n-t.ype. QT data also show that both of these 
samples tend to be p-type at high temperatures, which is in accord with 
Eq. (14.14) and the idea that the general energy level scheme developed 
on p. 625 for NiO is probably applicable to most of the simple oxides. 
However, in Fe 2 0 3 , QT is smaller in the intrinsic range than it is in NiO. 

This suggests that the 3d levels in Fe 2 0 3 are higher above the 2p band 
than in NiO. 

The situation in Fe 2 0 3 , where both donors and acceptors are present 

is somewhat more complicated than in NiO. However, the simple case 

m which Fe 2 0 3 is so heavily doped with Ti that conduction is only by 3 d 

electrons can be dealt with. Such a situation is probably represented bv 
sample 4 in which 


^ = ^ (14.19) 

QT = (E 3 - E F ) (14.20) 

and n, is given by Eq. (14.12) where N = 4.0 X 10 22 cm“ 3 . From these 
equations and the data for sample 4, has been determined. It is found 
to be identical with the hole mobility for NiO sample 6, shown in Figure 
14.21. Thus the mobility of 3d electrons in Fe 2 0 3 both in magnitude and 
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temperature dependence is in accord with the idea of transport in localized 
3d levels. At T = 300°K, /z 3 = 0.004 cm 2 /volt sec and increases expo¬ 
nentially with temperature with an activation energy of 0.1 ev. 


TRANSPORT IN THE 3 d LEVELS 

On p. 617 the processes were described by which conduction electrons 
or holes are created in the 3 d levels. In NiO, for example, a 3d hole freed 
from a cation defect is presumed to consist of a Ni +++ with the cation 
neighbors for some distance around it normal Ni ++ ions. The hole can 
diffuse about the cation lattice by exchanging an electron with a Ni ++ 
neighbor until it moves next to an ionized defect site, receives an electron 
and becomes trapped, or until it becomes annihilated by recombination 
with a free electron. A net drift of such holes occurs when an external 
electric field is applied to the crystal, and thus an electric current is ob¬ 
tained. 

The mobility of 3d charge carriers were shown to be very low and to 
increase exponentially with temperature. These results are consistent with 
a suggestion made twenty years ago by de Boer and Verwey 7 that con¬ 
duction in NiO and Fe 2 0 3 occurs as outlined above and that a potential 
barrier exists which must be overcome for a charge carrier to jump from 
one cation to another. The potential barrier is assumed to arise because 
the charge carrier spends a time on a particular cation which is long com¬ 
pared to the vibrational frequency of the lattice, and this allows the ions 
surrounding a charge carrier to become displaced by its electric field. 
Evidence that this occurs in Fe 2 0 3 containing Ti was given on p. 611. This 
displacement creates a field which tends to prevent the charge carrier 
from leaving its lattice site and so the charge carrier has trapped itself. 40 ’ 41 
These ideas can be represented by two energy levels, one for a hole, the 
other for a normal cation neighbor, both being moved up and down in 
energy by phonons. Whenever the two levels become the same, charge 
transfer can occur; thus an exponential temperature dependence would 
be found for transport. 

One might expect this charge transfer to depend upon the electron con¬ 
figuration of the cation. Using the diagram in Figure 14.6, one can see 
that, if Hund’s rule* is followed, a hole in MnO and CuO will be in the 
dy levels but a hole in FeO, CoO, and NiO will be in the de levels. Now 
since the de orbitals are directed between anions and towards neighboring 
cations while dy orbitals are directed at anions, transport in the two levels 
may be quite different. For example, transport in the dy levels, through 
an anion as in superexchange, will involve spin reversal below T N regard - 

* That the d levels are filled with electrons in such a way as always to maintain a 
maximum spin multiplicity. 
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less of crystal orientation. Transport in the de levels will not involve spin 
reversal if in the {till planes of parallel spins but will require spin reversal 
if perpendicular to the planes of parallel spin and so may produce an 
anisotropy in conductivity at least within a magnetic domain. 

If spin reversal is involved in transport, one might expect the activation 
energy for transport below T N to be the sum of the polarization energy 
plus the exchange energy and to be only the polarization energy above 
T N . This would introduce an abrupt change in the temperature dependence 
of conductivity at T N . Heikes and Johnston 42 believe that they have 
seen this effect in sintered samples of the oxides MnO, CoO, NiO and CuO 
which contained a large concentration of Li. However, the results de¬ 
scribed on p. 626 for NiO containing Li (sample 6) show no change in the 
slope of mobility (Figure 14.20), at T N but do show that the slope of con¬ 
ductivity is changing in this temperature region, because the Fermi level 
(Figure 14.18) is beginning to move upward. It is evident that these ques¬ 
tions can be answered only by transport studies on single crystals. 
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CHAPTER 15 


ORGANIC SEMICONDUCTORS 

C. G. B. Garrett 

INTRODUCTION 

The history of the study of photoconduction in poorly conductiv, 
organic compounds goes back to the turn of the centurv lAvLim 

in solid anthracene was discovered by Pocchettino* in 1906 At this time 
attempts were made to relate the phenomenon the external 

se“ “ Tdstf whe'^s 

i“""o„ 22 L° i'th 8V) ' ^ “ i8te " re StmlimS' 

Schilling • who also noted that the conductivity in T m„Z state 
was greater than that in the solid state After the molten state 

of papers on the subject in the years just before 1914 ?!Merest in organic 
semiconductors seems temporarily to have lapsed g 

In the years between the wars, a certain amount of work was done on 
photoconduction in organic dyestuffs, with particular reference to the 

Th,‘ct^w^k rj ‘ h f““ i0 "'' o' photographic ^emulsions* 

c lWbblc work in this field is that of Vnrtommn 4-8 q 
generally been explained by an electronic excitation of the dyStuff m„Z 
e followed by eventual transfer of the electron to the silver halide- 
p otoconduction was considered important as indicating one of the inter’ 

mediate steps in the transfer process. A recent review of the subject hr 
been given by Mitchell . 9 feUDject na> 

afftZZZ 16 tri“ in * he SlUdy 0t M-iconductom was 

wh ch it was suggested that the transfer of x electrons from Li ’, “ 

molecule may play an important role in the fundamental physical processed 
of living organisms. In 1946, Szent-Gyorgyi renortedn uL , P ocesse ; 

fort^vlvhtv “ ;r taiD dyed Pr ° teinS ’ Whi<?h he pr ° posed 

or the validity of this suggestion. In succeeding years there hns 1 

a cons^erable number of papers on the subjects of conduction and photo¬ 
eCZ, °„ f ,r e t of ,he t phti “ i “ y “ i - —X Xz 

conductors. More recently, the use of anthracene for crystal counZt 
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nuclear physics has promoted the study first of photoconduction and then 
of dark conduction in this material. During this time, the possible bio¬ 
physical implications of organic semiconduction seem constantly to have 
been in men’s minds. The theories of photosynthesis proposed by Katz 13 
and Bradley and Calvin 14 appeal to “semiconduction” in the sense that 
light has to be absorbed at one point, and the resulting electronic excita¬ 
tion energy transferred in some way to another point, at which it is used 
to promote some oxidation-reduction reaction. Photoconduction has 
indeed been detected in chlorophyll by Nelson. 15 At any rate, as a result 
of an extensive series of investigations of a large number of materials, it is 
now clear that semiconduction (in the sense of a low conductivity which 
increases with increasing temperature) and photoconduction are common, 
if not perhaps universal, attributes of organic materials containing closed 
rings of alternating double and single bonds, and of some other materials 
(such as proteins and technical polymers) as well. It is the object of this 
chapter to review the subject. 

Before embarking on our survey, it will be well to state exactly what 
phenomena are in question. We are to be concerned with charge transfer 
in a bulk sample—preferably a single crystal—whether stimulated ther¬ 
mally or optically. For such transfer to occur, electrons (or possibly pro¬ 
tons) must actually move from molecule to molecule—not just around a 
closed ring or down a long molecular chain. Unfortunately this distinction 
is seldom made clearly in the literature, and so a few comments may be in 
order. 

The x electrons in benzene may be considered, in the zero-th approxi¬ 
mation that ignores exchange effects, to form a half-filled zone. If a steady 
magnetic field is applied in a direction perpendicular to the ring, the 
electronic states will shift in such a way as to give rise to a net diamagnetic 
moment associated with the ring (London 1937 16 ). We may, however, look 
at this in another way, which is more revealing for our present purposes. 
During the process of application of the magnetic field, an emf was induced 
in the ring. In the presence of the field, there is a net component of “crystal 
momentum” p clockwise or counterclockwise as the case may be—that is 
to say, a net current flowing around the ring. The electrons of (let us say) 
positive p have slightly higher energy than those of negative p, but, since 
the separations between the individual electronic levels are quite large 
(several ev), there are no immediately accessible states for the electrons 
of positive p to go into. In other words, there is no dissipative mechanism; 
and, from the point of view of electron flow around the ring, benzene is 
not a semiconductor but a superconductor. On this basis, London was 
able quantitatively to account for the observed diamagnetic anisotropy in 
benzene, and subsequent workers have extended this to the higher con- 



636 


SEMICOND UCTORS 


jugated aromatic hydrocarbons.* The reason why many of these materials 
in fact show semiconducting properties in the crystalline state cannot, 
therefore, be sought within the molecule itself. The “slow step” in the 
conduction process has to be the actual transfer of electrons from molecule 
to molecule, and this, as we shall see, is a problem for which no adequate 
theoretical treatment at present exists. 

SURVEY OF EXPERIMENTAL TECHNIQUES 

The first problem in the investigation of conduction and photoconduc¬ 
tion in organic materials is the preparation of samples. A few of the ma¬ 
terials of interest are available in a state of fair purity from companies who 
manufacture them for use in crystal scintillation counters; but most have 
to be specially made. 

The purification of the materials is a matter of considerable importance— 
just how considerable, one does not know. The usual criterion for purity 
at the present time is that the material should possess the fluorescence 
proper to itself and not that, for example, which can arise from traces of 
higher aromatic compounds. But it is always possible that certain impur¬ 
ities which do not affect the fluorescence spectrum can materially change 
the electrical conductivity of the sample. 

Four methods of purification have been used: (1) crystallization from a 
solvent; (2) sublimation; (3) chromatography (either from solution or 
from the vapor); (4) zone refining. Little is known of the relative merits 
of these techniques. Sublimation is a convenient technique for use in the 
laboratory, and has the advantage of yielding single crystal flakes that can 
easily be large enough for individual measurement. However, the relatively 
high temperature that in most cases is required for rapid sublimation may 
give rise to doubts about the presence of tiny quantities of decomposition 
or oxidation products. Crystallization from solution may lead to the in¬ 
corporation of a small amount of the solvent in the crystal. Chromatography 
is laborious when large quantities of material are required. Zone-refining 
will only work for impurities that have a favorable distribution coefficient 
between the solid and the liquid—quite apart from the fact that in many 
cases the melting temperature is even higher than that at which rapid 
sublimation occurs. Clearly it is going to be necessary, sooner or later, to 
undertake a critical comparison of these different purification methods with 
a degree of rigor that has not yet been attempted. (It is perhaps worth 

* This brings up the interesting question of whether, if one could make a long, 
completely perfect polyene molecule, and could somehow make ohmic contacts to 
the ends, one would obtain a metallic conductor—possibly even a superconductor. 
This idea led Winslow, Baker and Yager to an extensive investigation of the con¬ 
ducting properties of pyrolyzed polymers, which will be discussed on p. 639. It should 
also be remarked that graphite is a metal. 
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mentioning, in passing, that “spectroscopically pure” may not be pure 
enough—or it may be purer than is necessary. Only electrical measurements 
can tell.) 

For the investigation of conduction and photoconduction in organic 
material, some workers have used polycrystalline samples—either powders 
or evaporated films—and some single crystals. With powders, the usual 
technique is to pack the material into a cylinder, and to measure (at some 
fixed temperature) the conductance as a function of pressure. Usually it is 
found 17 that the conductance ceases to change much after pressures of the 
order of 100 kg cm -2 have been reached; and this limiting value is taken 
to give the true bulk conductivity of the material. From measurements at 
a number of temperatures, the “activation energy” for conduction may 
then be determined. With evaporated films, which have been studied in 
particular by Northrop and Simpson, 18 the procedure is to evaporate in 
succession a metal, the material under investigation and then another metal. 
This gives a very thin sample (a few microns in the work of Northrop and 
Simpson), and obviates the necessity for the application of substantial 
voltages. Evaporated films have also been extensively used for the study 
of photoconductivity of organic semiconductors. Various authors have re¬ 
ported measurements of the spectral response, of the way in which the 
measured current depends upon the applied voltage, and of certain com¬ 
plicated transient effects found on switching the voltage on or off. 

From the point of view of the history of research in the better known 
semiconductors, it is clear that the results of experiments on polycrystalline 
samples must be viewed with some suspicion. The chief reasons for doubt 
are these: (a) interfacial effects, (b) the role of surface conduction, (c) aniso¬ 
tropy. Interfacial effects can appear both as an added resistance in a 
conductivity measurement—so that, for example, the observed temperature 
dependence might be associated with some interfacial space-charge region 
rather than with true bulk conduction—and as a photovoltage in a photo¬ 
conductivity experiment. Surface conduction is a matter more of sample 
size than of its polycrystalline state; but since, as we shall see later, there 
is even some question in experiments on single crystals of substantial size 
as to whether the measurements refer to surface or bulk conduction, it is 
clear that with the particle size to be expected in most polycrystalline 
samples this is a serious cause for worry. As for anisotropy, it is clear that, 
if considerable anisotropy exists (as is the case for anthracene, for example), 
measurements on polycrystalline samples can yield information only on 
conduction in the “easy” direction. 

Ideally, one would like to investigate the conductivity and photocon¬ 
ductivity of simple crystals of organic semiconductors by the “four-point 
probe” technique, with a guard-ring arrangement to exclude surface con- 
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duction. In practice, the conductivity of most organic semiconductors at 
room temperature is so low (being generally of the order of l(h 14 ohm -1 
cm- 1 ) that is is necesary to carry out the experiments with quite thin slices 
of crystal. Any doubts that one may have about contact effects can then 
be resolved by making measurements on a series of slices of different thick¬ 
ness. Fortunately, contact effects appear to be small, at least in experi¬ 
ments on the dark conductivity.* Because the conductivities are so low, 
the dielectric relaxation time («/47 tct) is generally of the order of seconds or 
longer. This means that it is necessary to use d.c. techniques for the meas¬ 
urements. In practice, the most convenient instrument to use is a vibrating 
reed electrometer, placed in series with the sample and the battery and 
used as a current measuring device. 

With photoconduction experiments, there is the added complication 
that the light is necessarily absorbed fairly close to the surface, so that it is 
usually found to be necessary to use at least two different experimental 
geometries. For the rest, the experimental methods used by different work¬ 
ers vary considerably, and it will therefore be best to postpone discussion 

of details of technique until we come to the presentation of the experimental 
results. 

MEASUREMENTS ON POWDERS AND EVAPORATED FILMS 

We shall deal with the results of these experiments as briefly as possible, 
since, for reasons given in the previous section, their usefulness is consider¬ 
ably inferior to that of experiments on single crystals. The main point of 
including this section at all is that, since it is certainly easier to work with 
polycrystalline samples than to go to the trouble of growing single crystals, 
information concerning powders or films is available for a considerably 

V 

greater variety of materials. 

Almost without exception it is found that the conductivity a varies with 
temperature T in the following manner: 

c7 = (7 0 exp (- E/kT ) (15.1) 

where o- 0 and E are constants of the material, f 

Turning to photoconduction, we may summarize the situation very 
briefly. By investigating the spectral response of evaporated films, one 
usually finds a more or less sharp threshold (E ph ) at which photoconduction 
first becomes observable. (The threshold is usually sharp enough for no 
more precise definition of E ph to be called for.) In some cases photoconduc- 

* This in itself is a puzzling fact. If one were using this technique with silicon, for 
example, one would have to go to considerable pains to insure that the contacts were 
“ohmic.” 

t Note that (15.1) does not have a factor 2 in the denominator of the exponent, as 
would be the case if we were to follow the fashion in this field. See p. 667. 
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tion and dark conduction have been observed in the same substance; when 
this is the case, E ph is always found to be substantially larger than E. 
Other kinds of measurements have also been made in connection with 
photoconduction in evaporated films of organic materials. Workers have 
reported details of the spectral response curves, for example, and generally 
find a pronounced similarity to the absorption spectrum. Particular atten¬ 
tion has been paid to the triphenylmethane dyestuffs, for an account of 
which the reader may consult papers by Nelson 19 and Weigh 20-22 

Experimental values for E and E ph will be found in Table 15.1. Formulas 
for most of the compounds are shown in Figure 15.1. 

An attempt has been made by Eley and Parfitt 25 to determine the tem¬ 
perature dependence of the resistivity by measurements of the loss angle 
in a condenser, between the plates of which the material is packed in 
powdered form. The frequencies used were in the range 10 5 to 10 7 cyc/sec. 
The activation energies determined in this way, compared with those 
estimated from the d.c. measurements, are somewhat lower for isoviolan- 
throne and phthalocyanine, and considerably lower (a factor of 6) for the 
free radical diphenyl picryl hydrazyl. What is remarkable, however, is that 
there should be any agreement at all. For phthalocyanine, for example, it 
is clear from the single crystal measurements (see p. 649) that the room- 
temperature resistivity is of the order of 10 14 ohm cm, which implies a 
dielectric relaxation time (k/47to-) of the order of 100 seconds. Thus, if d.c. 
conduction were the only loss mechanism, one would anticipate a loss angle 
of the order of 10 -9 at 1 Mcyc/sec, which would probably be too small to 
detect. Actually, it is clear from the account given by Eley and Parfitt that 
the loss angles observed by them were much larger than this, so that there 
is evidently some other loss mechanism that comes into the picture at 
radio frequencies.* The correct conclusion of the Eley and Parfitt experi¬ 
ments, therefore, is that this secondary loss mechanism (which might cor¬ 
respond, for example, to a much more localized transport of charge) also 
follows Eq. (15.1), and that the activation energy characterizing it is indeed 
of roughly the same order of magnitude as that governing the d.c. conduc¬ 
tivity—in itself a curious and unexpected fact. 

It will be noted that, as far as the d.c. measurements are concerned, the 
free radical diphenyl picryl hydrazyl displays an activation energy that is 
of much the same order as that found for ordinary molecular crystals. Thus, 
the existence of one unpaired electron per molecule does not seem conspicu¬ 
ously effective in promoting electrical conduction. The situation may be 
different in the pyrolyzed polymers studied by Winslow, Baker and 
Yager. 35 ’ 36 These authors report that the room-temperature resistivities of 

* A similar situation is revealed by some published measurements of the loss 
angle in naphthalene. 60 
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Table 15.1 


Substance 

Reference 

<T0 

(ohm " 1 cm" 1 ) 

E (ev) 

E p h (ev) 

Comments 

1. Polyacenes 






Anthracene 

(17) 

3 x icr 3 

0.83 


powder 


(18) 

10~ 3 

0.97 

— 

film 


(6) 

— 

— 

3.0 

< t 

Tetracene 

(18) 

0.1 

0.85 

(3.6)* 

(C 

Pentacene 

(18) 

10- 2 

0.75 


(C 

Pyrene 

(18) 

3 X IO - 3 

1.01 

(3.2)* 

( c 

Perylene 

(18) 

lO' 1 

0.98 


cc 

Anthanthrene 

(18) 

3 X lO" 6 

0.80 


c c 

Chrysene 

(18) 

lO' 2 

1.10 

(3.2)* 

c c 

Ovalene 

(23) 

3 X lO" 6 

0.57 


powder 


(24) 



1.20 

film 

Coronene 

(17) 

5 

1.15 


powder 

Violanthrene 

(23) 

10~ 7 

0.43 


i < 


(24) 



0.88 

film 

Isoviolanthrene 

(23) 

10“ 7 

0.41 


powder 


(24) 



0.85 

film 

Pyranthrene 

(23) 

lO' 7 

0.54 


powder 


(24) 



0.85 

film 

m -N aphthodianthrene 

(23) 

10“ 8 

0.60 


powder 

2. Polyacenes with quinonoid 






attachments 






Anthanthrone 

(23) 

lO" 4 

0.85 


powder 

Violanthrone 

(23) 

lO' 3 

0.39 


powder 


(24) 



0.84 

film 

Isoviolanthrone 

(23) 

lO’ 3 

0.38 


powder 

(Isodibenzanthrone) 

(24) 



0.93 

film 


(17) 

3 X lO" 3 

0.75 


powder 


(25) 

t 

0.48 


powder 

Pyranthrone 

(23) 

3 X lO* 7 

0.54 


powder 


(24) 



1.14 

film 

ra-Naphthodianthrone 

(23) 

lO" 7 

0.65 


powder 

3. Azo-aromatic compounds 






Cyananthrone 

(26) 

10 - 5 

0.10 


powder 

Indanthrone black 

(26) 

3 X lO" 4 

0.28 


powder 

Flavanthrone 

(26) 

10 - 5 

0.35 


powder 


(24) 



0.76 

film 

Indanthrone 

(26) 

10-io 

0.32 


powder 


(24) 



0.74 

film 

Indanthrazine 

(26) 

10- 10 

0.33 


powder 


(24) 



0.80 

film 

5,6-(N)-Pyridino-l,9- 

(26) 

10 5 

1.60 


powder 

benzanthrone 






1,9,4,10-Anthradipyrimi- 

(26) 

10 3 

1.61 


powder 

dine 












ORGANIC SEMICONDUCTORS 


641 


Comments 


powder 

film 

U 
C i 
(C 

< c 

c c 
c c 

< c 

powder 

film 

powder 

U 

film 

powder 

film 

powder 

film 

powder 


powder 

powder 

film 

powder 

film 

powder 

powder 

powder 

film 

powder 

powder 

powder 

powder 

film 

powder 

film 

powder 

film 

powder 

powder 



Substance 

Reference 

(TO 

(ohm” 1 cm” 1 ) 

E (ev) 

E P h (ev) 

Comments 

4. Phthalocyanines 






Metal-free 

(27) 

io- 5 

1.2 


powder 


(17) 

10~ 4 

1.2 


C< 


(28) 



1.56 

film 


(29) 




< C 


(25) 

t 

0.75 


powder 

Copper 

(27) 

10" 4 

1.3 


CC 


(17) 


1.05 


u 

5. Free Radicals 






a,a-Diphenyl 

(25) 

t 

0.74 



/3-picryl hydrazyl 

(25) 

t 

0.13 



6. Miscellaneous 






Perylene-bromine com¬ 

(30) 

1 

0.07 


powder 

plex 






Pyranthrene-bromine 

(30) 

3 X IO’ 2 

0.10 


U 

complex 






Violanthrene-bromine 

(30) 

10 -1 

0.10 


CC 

complex 






Violanthrene-iodine 

(30) 

io- 1 

0.07 


U 

pi ex 






Plasma albumen (dry) 

(17) 

IO" 2 

1.1 


a 

Plasma albumen (moist) 

(17) 

1 

0.8 



Fibrinogen 

(17) 

10~ 8 

1.4 



Edestin 

(17) 


1.3 



Crystal violet sulfate 

(31) 


0.36 



Crystal violet oxalate 

(31) 


0.28 



Methyl violet sulfate 

(31) 


0.39 



Methyl violet oxalate 

(31) 


0.31 



Gelatin (low water con¬ 

(32) 


0.91 



tent) 






Haemoglobin 

(32) 


1.35 



Haem 

(33) 


1.5 



Globin 

(33) 


0.9 



Methyl chlorophyllide 

(15) 



1.6 

film 


Notes: 


* These measurements refer to single crystals, and are included because results for polycrystalline samples 
have not been located. Photoconductivity in single crystals is discussed in detail on p. 651. 

t These measurements were made by a radio-frequency loss-angle technique, which, for reasons discussed 
in the text, is open to some question. 

In addition to the results listed in the Table, information has been given in the literature for dark conduc¬ 
tion in plactics 34 and in pyrolyzed polymers, 35 - 36 which are further discussed below. An account of measure¬ 
ments of the spectral sensitivity of photoconduction in dyestuffs may be found in Ref. 20 and 22, and in fur¬ 
ther references given in those papers. 

pyrolyzed samples of polydivinylbenzene and polyvinylidene chloride de¬ 
creased progressively with the temperature of pyrolysis, while the strength 
of the paramagnetic resonance signal (i.e., the concentration of free radicals) 
increases to a maximum and then decreases. It also appears that the activa- 
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Figure 15.1 

1. Naphthalene 

2. Anthracene 

3. Tetracene (Phenacene) 

4. Pentacene 


Formulas for some of the materials investigated 

9. Ovalene 


5. Pyrene 

6. Perylene 

7. Anthanthrene 

8. Chrysene 


10. Coronene 

11. Violanthrene 

12 . Isoviolanthrene 
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o 



20 


Figure 15.1. (cont.). 

13. Pyranthrene 17. Violanthrone 

14. m-Dinaphthanthrene 18. Isoviolanthrone 

15. p-Terphenyl 19. Pyranthrone 

16. Anthanthrone 20. w-Dinaphthanthrone 


tion energy for conduction decreases with increasing pyrolysis temperature. 
Winslow, Baker and \ager suggest that the presence of free radicals will 
promote electron transfer through the complex, cross-linked structure 
which prevails in these materials, and this may very well be the case. As 
they point out, however, the problem of electron transfer through such a 
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21. Cyananthrone 

22. Indanthrone black 

23. Flavanthrone 

24. Indanthrone 


Figure 15.1 (cont.). 

25. Indanthrazine 

26. 5,6-(N)-Pyridino-l,9-benzanthrone 

27. 1,9,4,10-Anthradipyrimidine 

28. Phthalocyanine 


cross-linked structure is not necessarily the same as that of electron transfer 
from molecule to molecule in a molecular crystal. 


SEMICONDUCTIVITY—SINGLE CRYSTALS 

In contrast with the work reviewed in the last section, the published 
measurements on single crystals or organic semiconductors have so tar 
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34 

Figure 15.1 (cont.). 

29. Copper phthalocyanine 32. Stilbene 

30. a:a-Diphenyl-/3-picryl hydrazyl 33. 4-Phenylstilbene 

31. Crystal violet (anion of) 34. 4,4'-Diphenylstilbene 

been limited to relatively few materials. However, the advantages of the 
single crystal studies are sufficiently great to justify a more detailed survey 
than that given for polycrystalline and evaporated film measurements. 

As long as Ohm’s Law is obeyed, the current density Jk and electric field 
g» in a crystalline medium should be related by a tensor conductivity: 

Jk = (Tik&i ( 15 . 2 ) 

To describe this tensor, one needs to quote the orientation of the prin¬ 
cipal axis with respect to the axis of the crystal, and also the three principal 
values of the tensor. For a monoclinic crystal, one of the principal axes 
must coincide with the twofold axis of the crystal, so that four quantities 
have to be measured. (For example, the angle between one of the other 
principal axes and the (ab) plane, and three principal values of the con- 
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ductivity.) All four of these quantities can be temperature-dependent; and 
there is no a 'priori certainty that the temperature-dependence of the 
three principal values of the conductivity will be the same. In addition, the 
experiments ought to be set up in such a way as to eliminate surface con¬ 
duction (e.g., by use of a guard ring) and contact problems. 

The experiments so far published fall somewhat short of this ideal. 
Generally, measurements are made of the component of current density 
parallel to the electric field, with the field directed along a particular crystal 
direction; only in one case have detailed measurements of anisotropy been 
reported. For low fields, Ohm’s Law is obeyed, and the ratio (J j/8) is taken 
to be a conductivity. Just as for the polycrystalline samples, the results are 
then fitted to an equation of the form: 

trn = cro exp (- E/kT ) (15.3) 

so that the experimental results are summarized by quoting the quantities 
<7 0 and E. 

Anthracene (Monoclinic: Space Group C*h) 

Mette and Pick 37 carried out careful measurements on single crystals of 
anthracene. The material was purified by vacuum sublimation. No test erf 
purity was applied. However, only uncolored crystals were selected, and all 
selected crystals displayed the fluorescence proper to anthracene itself, and 
not that associated with such impurities as tetracene. Single crystals were 
grown and cut into slabs, the faces of which could be arranged to be per¬ 
pendicular to any desired crystal direction. No attempt was made to 
distinguish surface from bulk conductivity. Various kinds of electrode were 
tried; the only one that seemed trustworthy was liquid mercury, which was 
used to give one absolute measurement of resistance at a single temperature 
(118°C). Relative measurements at other temperatures (80° to 200°C 
were made with foils fused on to the crystal; with evaporated aluminum 
or silver; or with silver paste. Mette and Pick show: (1) that the conductivity 
at 118°C is isotropic (to better than 10 per cent) in the (ab) plane (the 
cleavage plane), while the conductivity in a direction perpendicular to fin¬ 
is lower by at least an order of magnitude; (2) that Ohm’s Law holds up to 
about 10 s volts cm" 1 , after which the current increases more rapidly than 
linearly; (3) that, for the conductivity in the (ab) plane, <j 0 = 2.1 X 10 * 
ohm -1 cm -1 , and E = 0.83 ev. 

Inokuchi 38 has also published measurements on anthracene. His material 
was made directly by reduction of anthraquinone; it is not obvious that 
this would lead to greater purity that that of the crystals studied by Mette 
and Pick. Measurements were made of conductivity in a direction per- 
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pendicular to the ( ab ) plane.* The temperature range covered was 50° to 
150°C. Contacts were of evaporated aluminum. No guard ring electrode 
was used. The range of validity of Ohm’s Law, and the direction of depar¬ 
tures from it, was approximately the same as that found by Mette and 
Pick. The conductivity could be fitted to the parameters <r 0 = 10 2 ohm' 1 
cm' 1 , and E = 1.35 ev. It will be noted that not only is the activation 
energy for conduction greater than that reported by Mette and Pick, but 
the absolute values of the conductivity (in the range studied) are lower. 
Inokuchi ascribes the discrepancy to the poorer purity of Mette and Pick’s 
sample. However, it should be noticed that the measurements of the tem¬ 
perature-dependence of the conductivity were made along different crystal 
directions, and, as pointed out above, there is no guarantee that the activa¬ 
tion energy for conduction along different crystal directions will be the 
same. 

Riehl 39 has also reported measurements on the conductivity of anthra¬ 
cene. The experiments were carried out on flakes, and it may be inferred 
from one of the footnotes that the field was directed perpendicular to the 
\ab) plane, as in Inokuchi’s measurements. In the temperature range 
studied (20° to 60°C), the conductivity, fitted to Eq. (15.3), required a 
value E = 0.75 ev. Measurements made at high fields indicated that the 
departure from Ohm’s Law become very large; the “conductivity” (the 
ratio J/g) increased by a factor of 400 between 1.3 X 10 5 volts/cm and 
4 X 10 5 volts/cm. At still higher fields—up to 4 X 10 6 volts/cm, applied 
on a pulse basis—a sudden breakdown occurred. The breakdown, however, 
was quite reversible (as long as the current was limited) and did not give 
rise to any permanent change, either in the conductivity or in the subse¬ 
quent breakdown voltage. Similar effects were obtained for naphthalene 
and other materials. Riehl is not as confident of the reliability of these 
measurements as he is for those carried out by him on naphthalene ( vide 

infra), and he reports a hysteresis of the conductivity on raising and lower¬ 
ing the temperature. 

For reference purposes, we summarize in Table 15.2 the information ob¬ 
tained by the various authors on anthracene. 

Naphthalene (Monoclinic: Space Group C 2 6 h) 

Pick and Wissman 40 have studied the semiconductive properties of single 
crystals of naphthalene. The material was purified by sublimation (in an 
oxygen-free environment). Nickel electrodes were fused on to the crystals. 

* Inokuchi says ‘‘perpendicular to the 110 plane” in the text and ab” on the 
figures. Since the crystal habit favors platelets parallel to the ( ab ) plane, it is pre¬ 
sumed that the latter is what is implied. 
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Table 15.2 


Author 

Temperature 




Range 

(°C) 

Crystal Direction 

E (ev) 

(TO 

ohm" 1 cm" 1 

Anthracene {single crystals ) 





Mette & Pick 37 

80-200 

In {ab) plane 

0.83 

2.1 X 10" 2 

Inokuchi 38 

50-150 

JL {ab) 

1.35 

10 2 

Riehl 39 

20-60 

_L {ab) 

? 

• 

0.75 

not given 

Poly crystalline samples 




Eley, Parfitt, Perry and 



0.83 


Taysum 17 





Evaporated films 





Northrop and Simpson 18 



0.97 



Pick and Wissman found a much smaller anisotropy for naphthalene than 
that reported by Mette and Pick for anthracene. The conductivity in the 
direction perpendicular to the (ab) plane was at most a factor of two 
smaller than that in the (ab) plane. Ohm’s Law was again found to hole 
out to about 10 3 volts cm -1 . Measurements could be made only in a very 
restricted temperature range (60° to 75°C). Within this range the results 
could be fitted to tro = 10 13 ohm -1 cm -1 , E = 1.85 ev. It was found that thr 
measured conductance depended on the presence or absence of oxygen it 
the surrounding gas; at a high partial pressure of oxygen, the measurements 
at the lower end of the temperature range, showed a different temperature- 
dependence, with a lower E (0.75 ev). Evidently the oxygen-depende:.* 
conductance must arise from conductivity along the surface rather thiu 

within the bulk; possibly the same is true for the conductance in the abseri'- 
of oxygen. 

Further measurements have been reported by Riehl. 39 The author does 
not report the purification procedure, but says that the crystals were growr 
by the Bridgman method. The measurements were made with electrode- 
of “tush” (aquadag?), or mercury, or sheets of platinum carefully fused am 
to the sample. The experimental arrangement is particularly praiseworthy 
in that guard rings were used. The apparatus was such that fields up to 10 * 
to 10 6 volts/cm. could be applied to the sample. Several different electro> 
arrangements were used. The crystals were obtained by cutting from tbs 
middle of large single crystals. No directional effects are reported. The 
temperature range was 20° to 75°C. The measurements indicated the fol¬ 
lowing values: E = 0.70 ev, cr 0 10~ 5 ohm -1 cm -1 . Large departures free. 
Ohm’s Law were seen at high fields; but the conductivity at 4 X 10 5 volts 

cm. followed the same temperature dependence as that at 4 X 10 3 volts 
cm. 
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Table 15.3 

Temperature 

Range Crystal Direction E (ev) 

(°C) 

60-75 all 1.85 

60-75 0.75 

20-75 0.70 

It will be noticed that the activation energy reported by Riehl tallies 
with the value that Pick and Wissman associate with the presence of 
oxygen—that is, with a surface conduction. But Riehl not only used a guard 
ring arrangement, but also carried out his measurements in two different 
ambients (dry air and spectroscopically pure argon). So there seems to be 
a considerable discrepancy between the two sets of measurements. However, 
it is noteworthy that the absolute value for the conductivity at G0°C is 
quoted at about 10“ 15 ohm -1 cm -1 in both researches. 

One very suggestive experiment was the comparison of the electrical 
conductivity of naphthalene single crystals with that of the liquid obtained 
by melting them. Riehl found that the conductivity increased by three 
orders of magnitude on melting; and that the conductivity of the liquid 
naphthalene also followed an exponential law with temperature, with the 
same value of E as that holding for the crystal. 

Phthalocyanine and Metal Phthalocyanines (Monoclinic: Space 
Group Cjjh) 

Measurements on single crystals of these substances have been reported 
by Kleitman. 28 * 41 The material was purified by vacuum sublimation; elec¬ 
trode contacts to the crystals were made with silver paste. Measurements 
of conductivity were made along the b axis. The crystals were in the form 
of long, thin needles, rather than the flat platelet shape adopted by the 
authors whose work has been discussed in the foregoing paragraphs; this 
perhaps might make one worry more seriously about the question of surface 
versus bulk conductivity. Considerable variations in E were found from 
sample to sample; also there was some hysteresis on first warming and cooling 
the samples. Values of E found for three samples were 0.7, 0.86 and 0.94 ev. 

Phthalocyanine has also been studied by Fielding and Gutman. 42 The 
material was purified by sublimation; contacts were made with silver paste. 
Measurements were made both in the direction parallel to the b axis and 
in that perpendicular to the ( ab ) plane. Very little anisotropy was observed. 


<ro 

ohm -1 cm -1 

10 13 

10 - 6 


Author 


Naphthalene {single crystals) 
Pick & Wissman 40 

“ “ “ (Crystal 

surrounded by oxygen) 
Riehl 39 
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Table 15.4. Phthalocyanines (Single Cbystals) 


Author 

Temperature 

Range 

(°C) 

Crystal 

Direction 

- 

E (ev) 

(TO 

ohm” 1 cm” 1 

Metal-Free Phthalocyanine 





Kleitman 28 

15-140 

\\b 

0.84 


Fielding and Gutman 42 

50-390 

II or _L6 

(mean) 

0.90 

—50 

Felmayer and Wolf 43 

Copper Phthalocyanine 


? 

• 

(mean) 

0.90 


Kleitman 28 

Felmayer and Wolf 43 

Fielding and Gutman 42 


116 

? 

116 

0.93 

0.90 

0.82 

—100 

Nickel Phthalocyanine 



(mean) 


Fielding and Gutman 42 

Colbalt Phthalocyanine 


116 

0.75 


Fielding and Gutman 42 


II b 

0.80 

(mean) 



Values of E and «r 0 varied from sample to sample; the range found for E 
was 0.82 to 0.99 ev, with a 0 varying from 10 ohm' 1 cm- 1 to 299 ohm- 1 cm- 1 . 

Felmayer and Wolf 43 have reported a few measurements on single crystals 
of phthalocyanine, and quote E = 0.90 ev. 

Turning to the metal phthalocyanines, we find all the above authors 
reporting observations of electrical conductivity. Values of E are given in 
table 15 4. The remarkable fact is that the inclusion of a metal atom in 
the porphyrin ring seems to have very little effect on either E or o- 0 . 

Pyrene 

Pyrene has been investigated by Inokuchi 38 The material was recrystal- 
hzed from “aromatic solvent” and then further purified by vacuum sub¬ 
limation. Measurements were made in a direction perpendicular to the 

{ah) plane. The conductivity, in the range 60° to 90°C, follows the param- 
eters a 0 = 10 3 ohm -1 cm -1 , E = 1.2 ev. 

p-Terphenyl 

Hill and Goldsmith 44 have reported measurements on the conductivitv 

/"I (£ 1*1 i l~^ were attached to 

edges perpendicular to the cleavage face.” E is quoted as 0.60 ev, and the 

room-temperature resistivity calls for a 0 = 10~ 6 ohm -1 cm' 1 . 

/rans-Stilbene and Phenylstilbenes 

Drefahl and Henkel 46 have made measurements of conduction and 
photoconduction in (rans-stilbene, 4-phenylstilbene and 4,4'-diphenylstil- 
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Table 15.5 


Substance 

E (ev) 

Temp. Range 
(°C) 

Stilbene 

0.90 

70-120 

4-Phenylstilbene 

0.87 

140-220 

4,4'-Diphenylstilbene 

0.78 

160-280 


bene. They do not report any measurements of anisotropy of dark conduc¬ 
tion, but they did study the dependence on field direction of the photocur¬ 
rent. Their results are very similar to the directional dependence of the 
dark current reported by Mette and Pick; there was substantial isotropy 
in the (ab) plane, but the current in a direction at right angles to this was 
lower by a factor that appears to be of the order of 3. The values of E found 
by them are shown in Table 15.5. The crystal direction to which these 
measurements refer is not noted. 

PHOTOCONDUCTIVITY—SINGLE CRYSTALS 

The study of the photoconductivity of organic semiconductors in single 
crystal form is beset with more serious difficulties than the measurement of 
conductivity in the dark. The role of the surface is more significant, because 
light of a wave length capable of exciting photoconductivity will generally 
be absorbed fairly close to the surface, and, if the light is absorbed close to 
one of the contacts, there can be complicated photovoltaic effects which 
may mask what one is looking for. The principal effort so far has gone into 
the study of anthracene. 

In a photoconductivity experiment, a sample is arranged with two elec¬ 
trodes to which a voltage can be applied. Light of some desired wave length 
and intensity is shone on the sample, and the photocurrent measured. For 
details of the experimental results, the reader is referred to the litera¬ 
ture. 46-53 

It is only recently that experimenters have exercised care in distinguish¬ 
ing between body and surface currents. Compton, Schneider and Wadding- 
ton 47 showed, by use of a guard-ring arrangement, that the photocurrent 
actually flowing through the body is quite small in comparison with the 
surface photocurrent, and it is now clear that the two phemomena differ 
in certain respects (see Appendix p. 671). The surface photocurrent can most 
easily be studied with an arrangement in which two electrodes are stuck, 
some distance apart, on the same surface of a crystal (“surface cell”); to 
study the body current, one has to resort to large-area electrodes on op¬ 
posite faces of a thin slice, with one electrode semitransparent (“sandwich 

% 

cell”). In the latter case, there is usually found a marked dependence of 
photocurrent on the polarity of the applied voltage: when the “front” 
(illuminated) electrode is negative, the current is less than when it is 
positive, and often shows a tendency to saturate. 46 This is usually taken to 
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25 30 _ 35 40 45 

\0~ 3 V CM" 1 


figure 15.2. Comparison of the absorption coefficient and photocurrent, plotted 

as a function of reciprocal wave length, for anthracene. (From Bree, Carswell and 
Lyons. 48 ) 

mean that the mobile carriers carry a positive charge; the idea is that when 
the front electrode is negative, the carriers cannot go very far before they 
are “collected” and disappear from circulation. Complicated transient 
effects (ranging from times of the order of 10~ 5 to 10 3 seconds) have been 
reported, but some of these have been shown 47 to depend on the nature oi 
the electrodes. By measuring the variation of photocurrent with tempera¬ 
ture, Compton, Schneider and Waddington 47 have deduced an activation 
energy of 0.172 ev. 

Several authors have studied with care the variation of photocurren" 
with the wavelength of the exciting light. For illustrative purposes, we 
reproduce in Figure 15.2 the results of some measurements of the spectral 
response of photocurrent, compared with the absorption constant, for 
anthracene, from the work of Bree, Carswell and Lyons. 48 The experimental 
arrangement had two electrodes on the same surface of the crystal, which 
was also the surface that was illuminated. The point to notice is the striking 
similarity between the two curves in the vicinity of the absorption edge 
around 3 ev. Bree, Carswell and Lyons also report that, with plane polarized 
light, the photocurrent had the same dependence on the direction of the 
plane of polarization as the absorption constant. 

The question of field-dependence is complicated, depending to some ex¬ 
tent on the geometry and the electrodes, but, even where the photocurrem 
at low fields depends linearly on the field, such linearity ceases bey one 
fields of the order of 10 3 volts cm -1 . 47 Usually, but not always, the photo- 
current is found to increase linearly with light intensity. For the rest, the 
most striking feature of the published work is the strong dependence of 
photocurrent on the method of preparation of the surface, and on the 
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Table 15.6 


Substance 

Absorption Threshold 
(ev) 

Eph (ev) 

Naphthalene 

3.85 

3.85 

Tetracene 

3.6 

3.6 

Pyrene 

3.2 

3.2 

Chrysene 

3.4 

3.4 

Diphenyl 

4.1 

4.2 

p-Terphenyl 

3.5? 

3.9 

Anthracene 

3.1 

3.0 


ambient gas to which it is exposed. 49-53 It is an interesting and most sug¬ 
gestive fact that changes of surface condition that quench photocurrent 
also in certain cases quench the intensity of the fluorescence. 49 

It should be mentioned that extra conductivity can be induced in 
anthracene, not only with light, but by means of electron irradiation. 
Kallman and Rosenberg 54 have studied the effects of electron irradiation, 
and also of visible and ultraviolet light and of x-rays. They report “persis¬ 
tent internal polarization” effects which are in some ways similar to the 
original observations of Chynoweth and Schneider. 46 

So far we have restricted our remarks to anthracene. Other organic 
photoconductors have been studied in single crystal form, but in less detail. 
Bree, Carswell and Lyons 48 have studied tetracene, and Drefahl and 
Henkel 45 have studied stilbene, 4-phenylstilbeneand 4,4'-diphenylstilbene. 
A series of spectral response curves for a number of different organic semi¬ 
conductors has been published by Lyons and Morris; 55 rough values for the 
absorption edge and photoconduction threshold E ph , read off their graphs, 
are shown in Table 15.6. The temperature dependence of photocurrent for 
a number of materials has been given by Kommandeur, Korinek and 

Schneider. 56 Experiments with polarized light have been reported by Lyons 
and Morris. 57 

Very recently, Northrop and Simpson 58 have published the results of an 
extensive series of investigations on organic photoconductors. Single crys¬ 
tals, made by squashing the melt between glass plates and allowing the 
system to cool, were used. The salient experimental conclusions (for the 
pure hydrocarbons) are as follows: (1) the photocurrents were rigorously 
proportional to light intensity; (2) with a “sandwich cell” arrangement, 
there were departures from Ohm’s Law that were tentatively ascribed to 
space-charge-limitation effects; (3) the order of magnitude of the photocur¬ 
rent in the five materials studied (anthracene, chrysene, tetracene, pyrene 
and anthanthrene) was very much the same; (4) with a “surface cell” 
arrangement, the photocurrent was roughly linear in voltage unless one of 
the electrodes was masked from the light. With all the above five hydro¬ 
carbons, the photocurrent was larger when the unmasked electrode was 
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positive; this was interpreted as further evidence that the conducting car¬ 
rier is positively charged.* 


THE ROLE OF IMPURITIES 


At this stage it is reasonable to inquire what is known concerning the 

part played by impurities in the organic semiconductors. Unfortunatelv 
very little has been accomplished in this direction. 

How pure and how perfect does an organic semiconductor have to be 
before one measures the conductivity proper to it? What impurities will be 
electrically active? One may begin by observing that there is presumablv 
at least an internal consistency in the published work, in that each author 
usually reports measurements on more than one sample. As for agreement 
between different authors, one can only say that there are no staggering 

n i ^^ ^ 1 J 1 • nn -■ « 


tem- 


- (A ttrill- 

perature range. About the most serious disagreement is that of some two 

AT* I h VAA Altrl rvvir, __ * 1 11 i . i 


- wxxv vmiuubtivity measure- 

ments of Mette and Pick 37 and of Inokuchi, 38 but this could well be due to 
the fact that different crystal directions were studied (see p. 647).f 

The only controlled study of the effect of impurities on the dark conduc¬ 
tivity is that of Northrop and Simpson 18 who unfortunately used evaporated 
films rather than single crystals. They studied solid solutions of tetracene 
pentacene, perylene and anthanthrene in chrysene, pyrene and anthracene 
4 or each of the twelve solutions they measured conductivity as a function 
of temperature, using one or more different concentration in the region of 
10 3 mole/mole. They found the interesting result that, at high tempera¬ 
tures, the conductivity varied with the activation energy pertaining to the 
solvent, but at lower temperatures the slope of the (log <r, l/T) curve went 
over to another, smaller activation energy that was characteristic of the 
solute. It is to be noted that the concentrations used were of the order of 
those at which the fluorescence spectrum changes from that characteristk 
of the solvent to that characteristic of the solute. Table 15.7 shows valuer 

of E found for the pure polyacene, and, for those used as solutes, the meat 
value of the impurity E in the three solvents. 

m* . -t 


mean 


u mese values were obtained with films rather than with single 
crystals, they are presumably of only qualitative interest, but it is signifi- 

* With four other hydrocarbons-pentacene, hexacene, violanthrene and ovalem— 

it was not possible to obtain single crystals, due to decomposition at the meltioc 

point With samples of these materials the photocurrents were much larger and tl* 

dependence of photocurrent on the polarity of the voltage in the masked photore-r 
aiiangement was opposite to that described above. 

t On the other hand, one might associate it with the fact that Mette and Pick 

prepared their samples by sublimation and Inokuchi prepared his directly by tbf 
reduction of anthraquinone. 


ORGANIC SEMICONDUCTORS 


655 



Table 15.7 

Pure 

As Impurity 


E (ev) 

E (ev) 

Anthracene 

0.97 


Pyrene 

1.01 


Chrysene 

1.10 


Tetracene 

0.85 

0.63 

Pentacene 

0.75 

0.50 

Perylene 

0.98 

0.80 

Anthanthrene 

0.80 

0.58 


cant that the order of the E ’s for the last four entries as impurities is the 

same as the order of their E’s in the pure state. 

It will be noted that the concentrations used in this experiment (^10~ 3 ) 
are very large compared with those which one would use to do this sort of 
experiment with germanium; and this is all the more surprising since the 
“pure” conductivity of the polyacenes is so very low. This raises the dif¬ 
ficult question of whether the “pure” conductivity itself could arise from 
some uncontrolled impurity, present, perhaps, at concentrations too low to 
detect chemically—a decomposition product arising during the sublima¬ 
tion process, for example. 

Two cases are known in which the formation of a “complex” between an 
organic material and some other substance produces an enormous change in 
the electrical conductivity. Holmes-Walker and Ubbelohde 59 prepared 
complexes between anthracene and alkali metals, and found conductivities 
as high as 10“ 7 ohm -1 cm -1 . Akamatu, Inokuchi and Matsunaga 61 found 
that complexes between perylene, violanthrene, etc., and bromine or iodine 
had resistivities in the range 10~ 3 to 10 -1 ohm -1 cm -1 . Of course, these 
materials were formed by actual chemical reaction with the polyacene, but 
one is left wondering what would be the effect, for example, of interstitial 
sodium or interstitial bromine in an otherwise perfect anthracene crystal. 

In a recent paper, 58 Northrop and Simpson have pursued the question 
of the role of impurities in photoconduction and the correlation between 
photoconduction and fluorescence. Single crystals were used (see p. 653). 
A series of samples of solutions of tetracene in anthracene were investi¬ 
gated. As the tetracene concentration is increased, the tetracene fluorescence 
grows at the expense of the anthracene fluorescence, and the photocurrent 
decreases. Northrop and Simpson established that the quenching of the 
anthracene fluorescence was rigorously proportional to the quenching of 
the photocurrent. A similar result was found when coronene or ovalene 
was used as the impurity instead of tetracene. 

OTHER EXPERIMENTAL INFORMATION 

The results quoted in the last four sections are the raw material on which 
to base a discussion of the mechanisms of conduction and photoconduction 
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in organic crystals. Before we proceed to this topic, however, it will be 
convenient to assemble in one place a rather miscellaneous body of informa¬ 
tion which is also relevant to the problem. 

Crystallographic Data 

Most of the materials that have been investigated in detail are monoclinic 
and belong to the space group C 2 h (twofold screw axis normal to a glide 
plane). X-ray diffraction studies have been made on naphthalene, anthra¬ 
cene, pyrene, perylene, coronene, chrysene, phenanthrene and stilbene. c 
By way of illustration, we show in Figure 15.3 a model of the structure of 
anthracene, 63 which is fairly typical of the materials studied. The structure 
is that of a molecular crystal, in which each anthracene molecule preserves 
its individual identity and the different molecules are held together by van 
der Waals forces. The molecules are stacked in a herring-bone array in 
sheets, the sheets being parallel to the observed cleavage plane. Inspection 
of the electron density contours, as deduced from the diffraction experi¬ 
ments, shows very little distortion from the arrangement prevailing for a 
free molecule. 



Figure 15.3. Crystal structure of anthracene. (From Mette and Pick. 27 ) 
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Thermoelectric Measurements 

There are one or two references in the literature to a determination of 
the Seebeck coefficient. Fielding and Gutman 42 in their study of the phthal- 
ocyanines, found a value of 5 X 10 -5 volts deg -1 for the metal-free material, 
and reported that it was independent of temperature in the range studied. 
Somewhat larger values were reported by Winslow, Baker and Yager 35 
for pyrolyzed polymers. The sign of the voltage corresponded to positive 
carriers in both cases. 

Measurements of thermoelectric emf ought to be of considerable value 
in understanding the conduction mechanism, and it is a pity that they have 
not more generally been undertaken. Even more valuable would be meas¬ 
urements of the Hall constant. Most authors are silent on this subject, but 
Northrop and Simpson report an unsuccessful attempt to find Hall voltages 
in the polyacenes. 5 * 

Magnetic Properties 

Measurements of magnetic susceptibility, where these have been car¬ 
ried out, show that the materials are diamagnetic, and that the suscepti¬ 
bility is anisotropic. This anisotropy, as mentioned in the introduction, 
has been successfully explained by London on the basis of an electron cur¬ 
rent “induced” in the six-membered ring. In most cases there does not 
appear to be anything specifically ascribable to the crystalline state of the 
material. However, Yokozawa and Tatsuzaki 64 report an anomalous mag¬ 
netic susceptibility in violanthrene and violanthrone, which they ascribe to 
paramagnetism arising from a certain concentration of unpaired spins. To 
test this hypothesis, they looked for and found electron spin resonance in 
both materials. If this observation is confirmed—and one should always 
bear in mind the possibility that the effect was associated with some trace 
impurity—it should have a significant bearing on the conduction problem. 

It should be mentioned that in one of the organic materials found to be 
semiconducting—the free radical diphenyl picryl hydrazyl—a strong elec¬ 
tron spin resonance has been reported. 65 This evidently is quite a different 
matter, however; from the intensity of the line, one would estimate 66 that 
the number of unpaired spins is of the order of 1 per molecule, as one would 
expect, instead of 1 per 100 molecules, as concluded by Yokozawa and 
Tatsuzaki for the case of violanthrene. 

Spectroscopic Data 

This, of course, is an enormous subject in itself, so we shall confine our¬ 
selves to the following question: what differences are there between the 
spectroscopic states in the crystal and those for the free molecule? In the 
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last lew years, a fair amount of experimental information on the absorption 
and fluorescence spectra of molecular crystals has been published. The 
reader is referred, in particular, to work by McClure and Schnepp « by 

Ciaig and Hobbins 68 and by Sidman. 69 By making use of measurements 
with polarized light, one can in principle make definite “long” and “short” 
assignments lor molecules such as anthracene; in practice there still seems 
to be room for considerable disagreement in this field. In any case, there is 
no doubt that the general aspects both of the absorption and of the fluores¬ 
cence spectra of the free molecules are preserved in the crystal. The interac¬ 
tions, which may be described by the Davydov 70 exciton theory, give rise 
to a shift and a splitting of the lines in the crystal with respect to those for 
t e free molecule, but the reduction in the lowest singlet-singlet excitation 
energy is only of the order of 10 per cent. Qualitatively, then, we may quote 

term separations for the free molecules, in the expectation that they will 
hold approximately for the crystal as well. 

1 uriung to the triplet states, we may note that singlet-triplet transitions 
are forbidden, so that these states do not generally contribute lines of sig¬ 
nificant intensity to the ordinary absorption and fluorescence spectra. In- 
ormation on the triplet states is available from phosphorescence studies, 
as for example in the work of Lewis and Kasha. 71 A review of this field has 
been given by Kasha and McGlynn. 72 However, I am not aware of any at¬ 
tempt to investigate the triplet states in the crystal; but qualitatively one 
may argue that the exciton shift and splitting of the triplet terms will be 
many orders of magnitude smaller than those of the excited singlet states, 
because the transition from the singlet ground state is strongly forbidden.* 
We are interested in spectroscopic information for two reasons. Firstly, 
a knowledge of the term scheme enables one to write down expressions for 
the populations of the higher states (triplets as well as singlets) at a given 
temperature. This may or may not have something to do with the conduc¬ 
tion process (see p. 664). Secondly, a careful study of the changes in the 
absorption, fluorescence and phosphorescence spectra on going from the 
vapor to the crystalline state should give quantitative information on the 
interaction effects; in particular, one should be able to learn about the 
phonon spectrum for the crystal as a wholc—that is to say, the totality of 
intermolecular and intramolecular vibration modes—and the strength of 
coupling between the electron and phonon assemblies. This information, 
when it is available, will be of immense value to the theorist in his task of 

constructing a satisfactory theory of electronic conduction in molecular 
crystals (see p. 667). 

* I am indebted to M. Kasha for this observation. 
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Ionization Potentials and Electron Affinities 

These quantities are of interest because, on the most naive view of the 
electron transfer problem, they tell one how much work is required to re¬ 
move an electron from one molecule and give it to another (see p. 663). 
Ionization potentials can be deduced from the ultraviolet absorption spec¬ 
trum or from impact ionization studies; electron affinities can only be de¬ 
rived by more roundabout methods. Unfortunately few of the substances 
of interest to us here have been investigated. Hush and Pople have made 
theoretical estimates for a few of our materials; where comparison with 
experiment is possible, agreement is adequate. 73 

The Evidence Against Electrolysis 

When dealing with conductivities as low as those displayed by the organic 
semiconductors, the suspicion naturally arises that one is dealing, not with 
proper electronic conduction, but with some sort of electrolysis, in which 
ions move to the electrodes and are discharged there. The usual indications 
of electrolytic action are polarization voltages and blocking effects, as the 
products of the electrolysis accumulate at the electrodes. No such effects 
have been reported for the organic semiconductors. Of course, in most 
experiments the currents flowing were very small; and the duration of the 
experiment possibly insufficient to remove all doubt as to the question of 
electrolytic action. In one experiment, however, a deliberate attempt was 
made to check this under the most favorable conditions. Riehl 39 passed a 
current of 5 X 10~ 7 amps through liquid naphthalene for 7 days without 
detecting any polarization effects.* This clearly rules out electrolytic effects 
associated with some chance impurity. There remains the possibility of 
conduction by protons, rather than electrons; and Riehl himself is careful 
not to exclude this contingency. However, if this were so, one would have 
thought that enough hydrogen would have been released from the negative 
electrode to be detected during the course of the above experiment. 

Dielectric Properties 

For most of the materials of interest to us, the molecules do not possess 
a permanent dipole moment. Where measurements exist—for naphthalene, 
for example—the evidence suggests that there is no significant region of 
dispersion in the dielectric constant between zero and optical frequencies, 
and presumably the value of the dielectric constant for the crystal is close 
to what one would calculate from the individual molecular polarizabilities. 

* The liquid was used rather than the crystal because of its much higher conduc¬ 
tivity. The conduction mechanism was presumed to be the same for the liquid as for 
the solid because the activation energy was unchanged on melting (see p. 649). 
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However, there remains the puzzling fact that the loss angle at radio fre¬ 
quencies is several orders of magnitude higher than it ought to be; and, judg¬ 
ing from the experiments of Eley and Parfitt (see p. 639), varies with tem¬ 
perature in a manner similar to the d.c. conductivity. 


Point-Contact Rectification 

Kleitman 28 reports an experiment on the current flowing between a metal 
point and a crystal of phthalocyanine. Rectification was observed, the 
“forward” direction being that for which the metal point was negative. 
This confirms, in a qualitative way, the conclusion from the thermoelectri 
and photoconduction experiments that the predominating current carrier is 
positive. 

To complete this section, we shall quote in tabular form values for lowest 
singlet-singlet and singlet-triplet excitation energies ( l E x and lEi); the 
ionization potential E ion and the electron affinity E aff ; and the values far 
E and E v n deduced from the measurements on the dark conductivity a 


IT* 


in¬ 


vestigated. The spectroscopic and ionization data refer to isolated mole¬ 
cules rather than to the crystal; the values for the crystal would presum¬ 
ably be smaller. 

It will be noticed that there is a certain correlation between the varia¬ 
tions in these various quantities from substance to substance. Lyons ai 
Morris, 55 who point this out, say also that a similar correlation exists with 
regard to the values for the “methyl affinity” and sundry other quantities 
defined by chemists. Another fact that may be noticed from Table 15.8 
that the measured values for E generally run about half the values for 
Z E i. Since, under certain conditions, we may identify 2 E with the “energy- 
gap ” between the conduction and valence bands, some authors take the 

Table 15.8 


Substance 

l Ei 

ev 

*Ei 

ev 

Eton 

ev 

E aff 
ev 

E 

Ej* 

ev 

Pentacene 

2.13 74 

1.00 75 



0.75* 


Tetracene 

2.61 74 

1.26 77 



0.85* 

3.6 

Perylene 

2.85 74 

1.57 78 



0.98* 


Anthanthrene 

2.85 74 

1.32 78 



0.82* 


Anthracene 

3.30 74 

1.82 79 

7.83 73 

1.19 76 

0.98 

3.0 

Pyrene 

3.70 74 

2.08 79 



1.20 

3.2 

Chrysene 

3.87 74 

2.45 79 



1.10* 

3.2 

Naphthalene 

4.33 74 

2.65 79 

8.30 73 

0.65 76 

1.28 

3.85 


* From experiments on polycrystalline samples or evaporated films. The remaining E values are a 
of published single crystal data. 
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above fact as evidence that the first excited triplet state is important in 
the conduction process. We shall have more to say on this topic on p. 665. 

SUMMARY OF EXPERIMENTAL RESULTS 

The fundamental facts to be explained by any theory of conduction and 
photoconduction in organic semiconductors are these: 

1. The dark conductivity can usually be fitted to an equation of the 
form: 


a = a 0 exp ( — E/kT) 

where E is generally of the order of 1 ev, although the experimental values 
range all the way from 0.1 ev (cyananthrone) to 1.85 ev (naphthalene). 

2. For one material (anthracene), considerable anisotropy exists, such 
that conduction in a direction perpendicular to the cleavage plane is 
(at 118°C) notably poorer than in any direction in the cleavage plane. 
Further, there is a possibility that the values of E are different for these 
two directions. For other materials (naphthalene and phthalocyanine) 
anisotropy appears to be much smaller, or absent altogether. 

3. Departures from Ohm’s Law usually occur around 10 3 volts cm -1 , 
and are in the sense of a faster than linear increase in current; but no 
spectacular increase, such as that normally associated with dielectric 
breakdown, is found until one reaches fields of the order of 10 6 volts/cm. 

4. The conductivities measured around room temperature are very 
low (^10 -7 to 10 -24 ohm -1 cm -1 ). 

5. While the effect of impurities has not been investigated as systemati¬ 
cally as one might wish, it appears that impurities which “quench” the 
fluorescence proper to the solvent material begin to affect both dark con¬ 
duction and photoconduction at about the same concentration as that at 
which the changes in the fluorescence spectrum occur. 

6. The spectral dependence of photoconductivity is quite complicated, 
and usually bears a strong resemblance to the optical absorption spectrum 
of the crystal. 

7. The threshold for photoconductivity E ph , which is generally close to 
the absorption edge, is always considerably greater than the E required 
to fit the dark conductivity. 

8. There is some indication that the primary absorption process is not 
all that is required for the production of conducting carriers: photocon¬ 
duction generally demands the presence of a free surface, and is grossly 
dependent on surface preparation and on the surrounding ambient. 

9. Evidence from the “front-wall photocell” type of experiment; from 
the sign of the Seebeck coefficient; and from the polarity of the forward 
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direction in point-contact rectification, all suggests that the predominant 
carrier both in dark conduction and in photoconduction is positively 
charged. 

10. Experimental values for E and for the photoconductive threshold 
tend generally in the direction of becoming smaller as the size and com¬ 
plexity ot the molecule increases. There is a rough correlation between 
both quantities and the spectroscopic term separations l E\ and Z E\ , and 
also with the ionization potential of the free molecule. 

11. there is some evidence that the loss angle at radio frequencies is 
higher than one would expect from the d.c. conductance—as though there 
were some internal loss mechanism—and that the loss angle and the d.c. 
conductivity vary with temperature in roughly the same way. 

12. Conduction through electrolysis of some trace impurity is ruled out 

by Riehl’s experiment. (It is still just possible that the current carriers 
are protons.) 

13. The one available value for the Seebeck coefficient is 5 X 10~ 5 

volts/deg, for metal-free phthalocyanine. The small magnitude of this 
quantity is noteworthy. 

THEORETICAL CONSIDERATIONS* 

Authors who have written about organic semiconductors from the 
theoretical point of view have generally argued as follows: Since the ma¬ 
terial has been prepared in as pure a state as possible, it is presumably 
“intrinsic,” in the same sense that germanium at room temperature is 
intrinsic. The concentration of both carriers should then vary with tem¬ 
perature according to the law n = n 0 exp ( ~E Q /2kT ), where E 0 is the 
energy gap, the difference in energy between the highest point in the valence 
band and the lowest point in the conduction band. It is next assumed that 
the mobility varies only rather slowly with temperature (as is true for 
germanium through a considerable range of temperature). Then, compar¬ 
ing the carrier concentration with the experimental conductivity law a = a 
exp ( — E/kT ), one can say E = § E Q , and so use the experiments to de¬ 
duce a value for the energy gap. Attention is then focused on the inter¬ 
pretation of this quantity. Some authors appear to feel that E G should be 
identified with some electronic term separation in the spectrum for the 
free molecule. Eley and Parfitt 25 for example, use the “electron gas” model 
of Bayliss 80 to determine the allowed electron states for a doughnut-shaped 
potential box of specified size and identify E G with the optical excitation 
energy to the lowest unoccupied state. The idea seems to be that the elec¬ 
tron can pass much more freely from an excited state of one molecule to 

* In preparing this section, I have been fortunate in being able to enjoy consider¬ 
able help from C. Herring. 
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an excited state of another than between the ground states. (It must be 
mentioned in passing that, even if one were to adopt this point of view, 
there exist several more precise ways of calculating the electronic states of 
aromatic molecules than the “electron gas” approximation—for example, 
the MO-LCAO method of Sklar, 81 subsequently extended to polycyclic 
hydrocarbons by Coulson 82 and Longuet-Higgins. 83 ) 

A different point of view is adopted by Northrop and Simpson 18 and by 
Riehl. 39 ’ 84 In both discussions, attention is focussed on the process of 
lormation of a ‘‘nearest-neighbor ion-pair”, that is, the transfer of one t 
electron Irom one molecule to one of its neighbors. The work required to 
do this will depend on the ionization potential Ei 0n and the electron affin¬ 
ity E a ff for a free molecule, and on the dielectric constant k of the medium. 
\\ e now argue as follows:f If we had a system consisting of just two mole¬ 
cules, a large distance apart, then the work required to transfer an elec¬ 
tron from one to the other would be (E ion — E a f /). Of this quantity, part 
represents the work required to remove the electron from the coulomb 
field of the positive ion, from some point at which exchange forces have 
already become small; the rest represents the work involved in making 
what is essentially a change in the electron configuration of the original 
molecule. Now, if we imagine the same operation to be carried out in the 
solid crystal, we may to a first approximation take account of the polariz¬ 
ability of all the other molecules by imagining the two in question to be 
immersed in a homogeneous medium of dielectric constant k. Thus, the 
coulomb contribution to (E t - 0 » — E aff ) will be reduced by a factor k; the 
rest will be, to a first approximation, unaffected. The work E* required to 
form a “nearest-neighbor” pair is then: 

(E ion - Eaff ) - ( q 2 /r ) 

while the work E ** required to form a pair at large separation is: 

(Eion — Eaff) — [(/c — l)g 2 ]/*r, 

where r is some distance of the order of the intermolecular spacing. 

For anthracene, (E ion - E aff ) is 6.6 ev (see Table 15.8). The coulomb 
terms are difficult to estimate exactly, because we do not know what value 

o 

to choose for r. A value of 3 A would make the work required to form a 
nearest-neighbor pair 1.1 ev, while the work required to form a completely 
separated pair would then be (taking k = 2.5) 3.3 ev. 

Riehl argues that the concentration of nearest-neighbor pairs will be 
proportional to exp ( -E*/kT ), not exp (-E*/2kT).\ He now attempts, 

t The two treatments differ somewhat, so we shall take the liberty of presenting 
a third, with the object of including the best features of each. 

t Riehl bases this assertion on a kinetic argument, involving the relative proba- 
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however to show that the conductivity should also vary as exp (~E*/kT 
He states that the coulomb potential will be spread over many intermolec 
u ar distances. (Actually it will be limited to two or three). Thus, he says 
each time that the charge performs one more “hop” away from its poini 
of origin its potential energy will only have increased by an insignifican- 
amount. Unfortunately, many a mickle mak’s a muckle, as the Scots say 
e equihbi mm populations of the more remote (and consequently highe- 
energy) states must still follow a Boltzmann distribution law, and it is 
only those carriers that have achieved at any rate temporary freedom from 
the ion pair configuration that can actually conduct. 

Northrop and Simpson 1 * contemplate a different mechanism. Conduc- 
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I a ° As a matter of fact > the evidence that Ohm’s Law is fol¬ 

lowed at fields lower than this is now quite convincing ) 

Let us now consider in detail the various electronic energy states whiot 
a molecular crystal may possess. We may list these as follows: 

J W a/n d * C . i . 
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molecule. These will be bunched together in fairly narrow bands, cor¬ 
responding, in physical language, to bound exciton states, and will plav 
the predominant role in the optical absorption and fluorescence spectra ' 
2 States deriving from the triplet excited states of an individual mole- 
cule. Ihese will hardly be broadened into bands at all, but will appear onlr 
very faintly (because of the intercombination selection rule) in the ab¬ 
sorption and fluorescence spectra. They should, however, according to 
present ideas, be responsible for phosphorescence. 

3. A continuum of states beyond the photo-ionization threshold. The* 
wi show up in the ultraviolet absorption spectrum, which will display - 
steep rise in absorption at energies of the order of the ionization potential 
for the isolated molecules. (The question of whether electrons in these stat 
will actually be able to leave the crystal—the external photoelectric effect 
is a separate one, the answer to which will depend on the electri 
tions prevailing at the crystal boundaries.) 

bhities of “recxirnbination”~of 7p^i^i7self and of escape to form free carrier* 

centr^tfnTT “ wron gH hou g h the conclusion is correct. The reason why the co 
centration of pairs should vary as exp ( -E*/kT ) is that the spatial extent of t 

pair configuration is small. The concentration will always vary with temperature 
distanced “ “ : - (a) ^ concentrati ° n of pairs is not so high that the m 

that the breadth 7?,, t0 their size; (b) their lifetime is ™>t so shon 
at the breadth of the level becomes great in comparison, for example with th* 

energy difference between the pair level and the Bloch continuum. 
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4. States corresponding to electrons that have left their parent molecules, 
but are not actually free in the sense of those in class 3. Depending on the 
degree of localization which some particular experimental measurement 
may force upon the system, it may or may not be permissible to associate 
the itinerant electron with one particular molecule and the deficiency with 
another. 

Two points must be made at once. It is only states of class 4 that are of 
interest to us in the conduction problem; at the same time, these states 
may not stand in any simple relation to those of classes 1 and 2. This 
second fact (which does not arise so long as we are dealing with a metal or 
with a tightly bound semiconductor like germanium) makes futile any 
attempt to correlate the “activation energy for conduction” with some 
electronic excitation energy that one can deduce from the optical absorp¬ 
tion spectrum. 

States of classes 1 and 2 are reasonably described by molecular wave 
functions, which are quite unrelated to the Bloch wave functions of elec¬ 
tron band theory. The broadening of these levels into bands, on going from 
the isolated molecule to the crystal, is to be ascribed to excitons—excita¬ 
tions of a lattice of molecules, in which an electronic excitation of a single 
molecule is to some extent shared among neighboring molecules, and is 
free to travel through the lattice. An analysis of exciton effects in molecular 
crystals can be made by considering dipole-dipole interaction between 
molecules on neighboring sites (including, if necessary, electron exchange 
effects), but without considering electron transfer at all. The exciton bands 
that arise in a molecular crystal are thus quite different in nature from the 
electron bands that occur in a metal or elementary semiconductor. To put 
the matter another way: ordinary band theory is based on one-electron 
Bloch functions (denumerated by “crystal momentum” vectors), and can 
be applied only to materials for which interelectron interactions may be 
ignored. But excitons arise precisely because interelectron interactions do 
occur. Thus, the one-electron Bloch functions will be generally good for 
materials where exciton states are unimportant, because the exciton dis¬ 
sociation energy is small, as in germanium, for example, but generally bad 
for materials where exciton states are predominant, as is certainly the case 
for anthracene. 

Turning now to states of class 4, we see at once that the picture is quite 
different. Consider a perfect single crystal of anthracene, with every mole¬ 
cule initially in its ground state, and allow one electron to escape to a 
considerable distance from its parent molecule. Let us, for the moment, 
forget about phonons, and arrange that every atom in the crystal shall be 
at its geometric position in the crystal lattice. The electron is now exposed 
to a perfectly periodic potential. The wave functions that describe its 
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allowed states must therefore be invariant under the appropriate transla¬ 
tion group that is, they must be Bloch functions. If we knew the exact 
form of the periodic potential distribution, we would be able to calculate 
the shape of the energy surfaces (i.e., the functional dependence of the 
energy upon the crystal momentum vector). In this way, we could deter¬ 
mine the bands of allowed energy states, which might or might not turn 
out to overlap; the lower states in this spectrum would be class 4, the higher 
ones class 3. We may, if we wish, refer collectively to this set of states as 
the “conduction band.” From what has been said, it will be clear that the 
minimum energy required to excite an electron up into the conduction 
band may be quite different from that required to excite a molecule int< 
its lowest excited state—it might be more, or it might be less. 


.But we must also remember the electron deficiency that has been left 
behind. Is this a hole—that is to say, can we describe it also by Bloch wave 
functions? The proof that is usually given 85 that deficiencies in the valence 
band of germanium or silicon may be described by Bloch functions appears 
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be so described—and this, as we have seen, is very far from being the case¬ 
in a molecular crystal. However, there exists a general and very elegar: 
theorem due to Heisenberg, 86 to the effect that a single deficiency in aa 
otherwise completely filled shell or band may (if transitions to other sheik 
or bands are not allowed) be described by a single-electron wave function 
corresponding to an electron carrying a positive charge—regardless of tbf 
strength of the interelectronic interactions. This being so, we should re 
able to describe the deficiency in a molecular crystal by Bloch functions, 
and, knowing the form of the periodic potential, to calculate the form <4 
the energy surfaces, just as for the conduction band. These energy surf a- ^ 
will describe another band, which we may call the valence band if we wist 

the valence in question being that associated with the x bonds within th» 
individual molecules. 

This picture will be to some extent wrong for a lattice of molecules th*,r 
are free to move, because such freedom will to some extent distort tt* 
perfect periodicity of the potential in the neighborhood of the electron or 
hole. In alkali halide crystals, where this effect is especially large, beca 
of the polar nature of the lattice, one thinks of an electron as traveling u 
the company of a cloud of phonons, and calls the whole assembly a “pa- 
aron.” Such effects will be smaller in organic molecular crystals, becau-e 
the individual units are not charged, and are generally even devoid of t 
dipole moment. However, the bands of allowed electron and hole sta'— 

•IT 111 i 


will probably be very narrow (0.1 ev or less), because of the large spaci 
between the units, so that the effect of electron-phonon interaction 
distorting the band picture which would be correct for a rigid lattice 
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probably not negligible. Here it should be recalled that the phonon spec¬ 
trum will include not only the intermolecular vibrations, but the intra¬ 
molecular vibrations also. The calculation of electron-phonon interaction 
effects under these circumstances will clearly be a matter of some difficulty. 

Supposing now that the spectrum of allowed states in the conduction 
and valence bands has been, at least in principle, understood, we turn to 
the question of the mobility of the electrons and holes in an applied electric 
field. As long as we can describe the electron states in the conduction 
band, and the hole states in the valence band, by Bloch functions, we can 
proceed to construct wave-packets in the ordinary way, and to show that 
these wave-packets will accelerate in an electric field with an acceleration 
determined by the “effective mass” of the carriers. If, as is to be expected, 
the bands are narrow, the effective masses will probably be quite large, 
which will tend to keep the mobility low. The actual value of the mobility 
is of course determined, not only by the value of the effective mass, but by 
the scattering processes to which the carriers are exposed, and, in particu¬ 
lar, the process of scattering by phonons. Little that is definite can be 
said about this until more is known. However, it should be mentioned that, 
if the mean free path of a carrier is small of the order of molecular dimen¬ 
sions, the mobility, like the carrier density, will be expected to increase 
exponentially with temperature, with an activation energy that is char¬ 
acteristic of the process of “hopping” from one molecule to the next, 87 
as is found, for example, in the d-band semiconductors. 

Having disposed of these formalities, we may make a few remarks con¬ 
cerning the interpretation of the experimental data: 

1. As long as the densities of holes and electrons are equal and as long 
as we are dealing with a perfect single crystal, both will vary with tem¬ 
perature as exp ( — E G /2kT), regardless of the effective mass of the car¬ 
riers. This statement remains true even if one of the two types of carriers 
is bound in such a way that it cannot move. 

2. The energy gap E G cannot be larger than twice the activation energy 
for conductivity (unless the conductivity is impurity-controlled). It may 
be smaller. This will happen, for example, if the carrier mobility also has 
an appreciable activation energy. 

3. The observation by Fielding and Gutman of an extremely small 
Seebeck coefficient, to which reference has been made on p. 657, would 
lead one to believe that the Fermi level in phthalocyanine is almost coinci¬ 
dent with the valence band edge. This fact could be associated with a low- 
lying acceptor impurity level; or one could associate it with an extremely 
high effective mass ratio ( m n */m p *), such as could arise, for example, if 
the electrons in the conduction band were practically trapped, leaving 
only the holes in the valence band free to conduct. 
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4. There is no a priori reason to associate E G with any term separation 
for an individual molecule; and, because of the dominance of exciton proc¬ 
esses, it is perhaps to be expected that direct optical excitation “across 
the gap” will be difficult or impossible to detect experimentally. 

5. The quantity <7 0 ought to be proportional to a carrier mobility and 
to an effective state density. Many, Harnik and Gerlich 88 have attempted 
to deduce from the published measurements the order of magnitude of 
the carrier mobility, on the assumption that the effective state density is 
always of the order of 10 23 cm -3 for every material investigated. Then- 
estimates cover a range of a factor of 10 23 . Certainly some of this extrava¬ 
gant variation must be ascribed to poor experimental information, and 
some may turn out to be associated with impurities in some of the samples. 
However, these calculations perhaps suggest that there are substantial 
variations in the widths of the electron bands (which determine the effective 
state density functions) from material to material. 

Before leaving the subject of the dark conductivity, it will be as well to 
point out that there exists another, quite different, treatment of electrical 
conduction in solids, which may perhaps have something to recommend it 
in the present connection. In a series of papers over a number of years. 
Vonsovskii and co-workers 89-91 have worked out a treatment of conduction 
by the Heitler-London method. The scheme is similar to that of the Bloch 
theory of ferromagnetism; one considers an array of atoms with, let us 
say, one electron apiece in the ground state, and introduces (in addition 
to spin disorder) a small number of excitations in which certain atoms have 
two electrons and certain others have none. The Hamiltonian for the 
system can then be written down in terms of second-quantization opera¬ 
tors, and used to determine, for example, the rate of flow of excitations 
(and hence the current) in response to an externally applied field. Using 
this method, Vonsovskii and Galishev 91 have been able to show that, with 
a suitable choice of the energy parameters occurring in the theory, it im¬ 
possible to reproduce the simple qualitative conclusions of band theory as 
applied to elementary semiconductors: a “carrier” concentration varying 
exponentially with (1/T), and a “mobility” that varies only as some 
power of the temperature. The authors claim that this calculation affords 
a verification of the approximations made in band theory—specifically, 
the neglect of interelectron interactions—and that it is, in fact, a more 
rigorous approach. 

In spite of this, the Vonsovskii method has not turned out to be as 
generally useful as band theory. Presumably this is because the one-elec¬ 
tron approximation is really extraordinarily good for semiconductors lik~ 
germanium, so that the additional complexities of the Vonsovskii method 
(which are considerable) have outweighed its potential advantages. In 
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molecular crystal, however, the electrons that are available for excitation 
into conducting states are (prior to excitation) in states that one cannot 
describe by the one-electron band approximation at all. It would therefore 
seem that a method of calculation that starts with the unit wave functions 
and introduces electron transfer in a way analogous to the creation of spin 
waves has certain attractive features. It remains to be seen whether the 
enormous complexities of such a task can be overcome. 

The above remarks refer to conduction through a pure, perfect crystal— 
something which we cannot at the present time be sure has ever been 
observed. With respect to the role of impurities, one can only argue in 
qualitative terms. It seems unlikely that higher hydrocarbons would act 
as donors or acceptors in the ordinary sense of the words, but one can 
argue, as Winslow, Baker and Yager have done 35 that free radicals en¬ 
trapped or dissolved in the lattice might behave in this way. 

Turning now to the question of photoconduction, the position is certainly 
clear in one respect. Except for a long wave length tail reported by Comp¬ 
ton, Schneider and Waddington, 47 the bulk of the experimental evidence 
suggests that photoconduction can arise only in response to absorption of 
light in the “fundamental” absorption band (that associated with the first 
singlet-singlet transition). However, it is also generally agreed that, while 
this must be the primary process in photoconduction, some other process 
must intervene before one can actually obtain carriers that are free to 
conduct. The reasons for this belief are as follows. The presence of a free 
surface is almost a necessity for the detection of a photocurrent; surface 
conditions grossly affect the magnitude of the photocurrent, while they 
do not affect the absorption properties at all; and body impurities that 
quench the fluorescence proper to the solvent molecule also quench the 
photocurrent. Since it is known that light absorbed in the fundamental 
absorption band goes to the creation of excitons, and that these excitons 
can diffuse a considerable distance through the crystal, 92,93 it is supposed 
that photoconductivity is caused by the arrival of an exciton at some 
imperfection (conspicuously the surface), with the creation there of a pair 
of charged carriers. 

There remains then the question—once the carriers are formed in this 
way, is the conduction mechanism the same as that prevailing in the dark? 
The evidence seems to indicate that this is so. Departures from Ohm’s 
Law occur at about the same value of the field; there are correlations be¬ 
tween anisotropy effects observed for dark conduction and photoconduc¬ 
tion; and there is considerable evidence that the predominant carrier in 
photoconduction is, like that in dark conduction, positively charged. 

Many other questions of theoretical interest remain. For example, there 
are the departures from Ohm’s Law, and there is the reversible “break- 
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down” observed by Riehl at field-strengths of the order of 10 6 volts cm- 1 . 
There is the role of impurity centers, in giving an additional “impurity” 
conductivity in the dark, characterized by a lower activation energy, while 
at the same time decreasing the photocurrent. There is the whole question 
of conduction in a region close to the surface, which clearly comes into the 
Pick and Wissman experiments on naphthalene, 40 and certainly looms 
large in the interpretation of experiments done on powders. Finally, there 
is the tantalizing observation of Riehl on conduction through liquid naph¬ 
thalene, which suggests that the activation energy for electron transfer 
through a system, the ordering of which extends only over a comparatively 
short distance, is much the same as for a bulk sample. These are some of 
the questions that await the attention of the solid-state theorist; doubtless 
as the subject advances there will be many more. 

THE FUTURE 

In spite of the mass of information on conduction and photoconduction 
in organic crystals, it is clear that much remains to be done. The outstand¬ 
ing lacunae in our information at the time of writing occur in the following 
areas: (a) careful control of sample purity; (b) systematic measurement of 
directional effects; (c) measurements of thermoelectric properties, and, if 
possible, Hall constants. It seems to me that the subject has now reached 
the stage at which further progress depends to no small degree on the under¬ 
taking of an investigation of these matters. Other experiments, of course, 
suggest themselves also. The question of the existence or nonexistence of 
electron spin resonance absorption should be settled; if resonance can be 
seen, it should provide information on the concentrations of unpaired 
spins, which ought to be relevant to the conduction problem. One could 
imagine experiments to study the change of concentration of unpaired 
spins with temperature—-or with the absorption of light of a wave length 
capable of causing photoconduction. The question of the loss angle at 
radio frequencies should be further explored. The dependence of dark con¬ 
ductivity on pressure might be worthy of investigation, too; perhaps it will 
be possible to deduce deformation potentials from such measurements 
Going further afield, it might be worthwhile to obtain more precise informa¬ 
tion on the lowest excited triplet state in the crystal, by a study of phos¬ 
phorescence effects; and a more careful investigation of the ultraviolet 
spectrum of the crystal should give us quantitative values for the ionization 
potential of the molecules in the state in which they find themselves in the 
crystal. With respect to the phonon spectrum, it is possible that specific 
heat measurements would be of value, though the interpretation of such 
measurements is not a simple matter. 

The question of the electric conductivity of organic materials in the 
liquid state appears also to be a promising field for further exploration 
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Riehl’s observation that the activation energy for conduction in liquid 
naphthalene is the same as that for conduction in the crystal is certainly 
suggestive, and may have important implications for the theory of the 
liquid state. Feher has pointed out 94 that this phenomenon may be related 
to the question of the radio frequency loss process. 

At the present time, the study of organic semiconductors is something 
of a by-road of solid state physics: an amusing problem for its own sake, 
but little more. How important will it become? It seems to me that the 
possible implications of the subject fall into the following three (somewhat 
overlapping) categories: (a) organic reaction kinetics (b) organic catalysis 
c) biophysical mechanisms. In discussing these topics, it is important 
that we make clear exactly what we have in mind. Every oxidation or re¬ 
duction reaction involves some sort of electron transfer, but not all electron 
transfer mechanisms fall within the purview of organic semiconduction. 
Many biochemical reactions involve the transfer of an electronic excitation 
from one part of a large and complex organic molecule to another, but—to 
repeat what was said in the first section—this has nothing to do with organic 
semiconduction. With the exception, then, of such reactions as involve 
good single crystals of substantial size of some conjugated aromatic com¬ 
pound, the implications of the study of organic semiconductors in the above- 
mentioned three areas will be somewhat indirect. 

The reason for believing in the ultimate relevance of this field in the 
understanding of organic and biochemical kinetics is the importance of 
structure. Biochemists have learned that it is not enough to know that, out 
in the laboratory, one gram-molecule A will react with one gram-molecule 
of B to give C; in the living system this may not happen at all. If we are 
ever to understand in physicochemical terms the fundamental mechanisms 
of life, we shall need, at some stage, to understand what is the function of 
structure in deciding the particular chain of reactions that takes place. In 
working to this end, we may hope that an understanding of electron trans¬ 
fer processes in one of the simplest organic systems imaginable—a perfect 
single crystal—will be of value in helping one to get to grips with the same 
problem referred to the much more complicated structures that prevail 
in vivo. There may be no single crystals of anthracene in any living organ¬ 
ism—there may not even be single crystals of chlorophyll—but the study 
of these things cannot fail to reveal the basic mechanisms of electron trans¬ 
fer through an ordered array, without which the elaborate structures of 
living organisms would be meaningless. And nature—as Szent-Gyorgyi 
has pointed out 95 —does not indulge in luxuries. 

APPENDIX 

Papers on semiconductivity and photoconductivity in organic materials 
continue to appear at a fairly rapid rate. Riehl 96 has now published a brief 
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account of his work in German; Felmayer and Wolf 97 have published . 

more detailed account of their measurements on the phthalocyanines 

Two papers from Poland 9 ^ 99 are devoted respectively to measurements 

of the dark conductivity of resorcinol and to a general discussion of tbs 
conduction problem in chemical terms. 

Several new papers from the Canadian and Australian groups have ap¬ 
peared. Kommandeur and Schneider 190 have studied the spectral depend¬ 
ence of the bulk photocurrent in anthracene and report that the spectral 
dependence is quite different from that of the surface photocurrent, and 
that asymmetry in the voltage-dependence no longer appears when' long 
wave length light is used for excitation. The most startling result is that 
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ti°n band ) correspond to minima in the photocurrent and vice versa (cw- 
trast Figure 15.2). This fact the authors very reasonably explain by thr 
supposition that, the closer to the surface the light is absorbed, the shorter 
will be the mean exciton lifetime. In another paper, 101 Kommandeur a 
Schneider report that several aspects of the bulk photocurrent 
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ticular the spectral dependence—vary from crystal to crystal, and can t* 

profoundly modified by bombardment with thermal neutrons. The observa¬ 
tion of significant differences between the spectral response for the surface 
and body photocurrents has also been reported by Lyons and Morris 57 
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ity ol the surface and body carriers. In another paper, 102 Lyons and Mo., t 
discuss the relation between polarization effects in the excitation of photo¬ 
conductivity and the problem of the “long” and “short” assignments « 
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ments ot the spectral dependence of photocurrent (reproduced here 
Figure 15.2) are in error at the short wave length end. 

I erhaps the most interesting paper to appear recently is one due 




nonconducting states that can exist in a molecular crystal. This discussice 
is broadly similar to that given on p. 664. Estimates are made of the allowed 
values of the energy (of the crystal as a whole) in its various states ■ 
molecule excited to a higher electronic level; one nearest-neighbor 
pair; one remote ion-pair; one electron excited into some state in the BloA 
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optical excitation of a nearest-neighbor ion pair, and the question is rais 
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However. 

when he comes to discuss the interpretation of the observed dark conduc¬ 
tivity activation energies, Lyons is faced with the same problem thi- 
bothered us on p. 665: there is a rough correlation between the 
mental values for 2 E on the one hand, and both the triplet state and 
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nearest-neighbor ion-pair state excitation energies on the other; but neither 
of these states permits electrical conduction to occur, and the excitation 
energy required to reach the lowest of the true conducting states would 
seem to be altogether too large to be consistent with the experimental ob¬ 
servations. A possible way out of this difficulty, Lyons suggests, would be 
to appeal to some set of imperfections in the crystal, with which one might 
very reasonably associate, for example, large local electric fields. 

Progress has also been made recently in another field, which may possibly 
have bearing on the conduction problem. Whether or not it is true that 
well-defined positive and negative ions of the polyacene molecule exist in 
a molecular polyacene crystal, it is certainly possible to obtain these en¬ 
tities, by suitable chemical techniques, in solution. Such systems have been 
studied by spectroscopic and spin-resonance techniques, and the results 
interpreted by the simple Huckel (“band”) theory of the electrons in a 
conjugated ring structure. References 104 to 112 describe recent work in 
this field. 
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CHAPTER 16 


SEMICONDUCTOR SURFACES 

J. T. Law 

INTRODUCTION 

The recent interest in the physics and chemistry of semiconductor 
surfaces has arisen from the numerous problems encountered in under¬ 
standing those properties of semiconductor structures controlled by the 
surface treatment and ambient. The largest single group of such problems 
is undoubtedly to be found in the field of catalysis where until recently 
only empirical theories of the rate-determining step were available. 

The difference between a metal and a semiconductor with respect to 
the surface boundary is essentially due to the small number of charge 
carriers in the semiconductor. If one considers a layer of surface charge of 
10 la cnf ! , or approximately one charge per lattice site, then in a metal 
with a charge density of 10 22 cm -3 this may be neutralized by the addition 
or depletion of carriers in a distance of 10“ 7 cm or the order of a lattice 
constant. On the other hand, in a semiconductor with a bulk charge density 
of about I0 1 ' cm' 3 the neutralization of only 10 11 charges cm' 2 occurs over 
distances of the order of 10 cm. This wide, so-called “space-charge" 
region in a semiconductor, means that the position of the Fermi level at 
the surface with respect to the valence and conduction bands is frequentlv 
determined not by the bulk impurity density but by the charge density 
on the surface. As we shall see later, the mobility as well as the number of 
charge carriers in this space-charge region can be considerably altered by 
changing the surface charge so that simple conductivity measurements 
alone are insufficient to follow the shift in Fermi level with ambient. 

A complete understanding of the surface behavior involves a studv at 
adsorption and its effect on various electrical properties such as surface 
potential, hole-electron recombination rate and surface carrier concentra¬ 
tion. Many such measurements can be correlated with the catalytic activity 
of various semiconductors, showing that their behavior is largely deter¬ 
mined by the charge concentration at the solid-gas interface. Ideally, any 
study of surface properties should start with an atomically clean surface. 
In the case of metals such a condition has been attained for tungsten and 
molybdenum while for semiconductors a clean surface has been demon¬ 
strated for only silicon and germanium. The bare surface itself contains 
surface energy states by virtue of the fact that it represents a termination 
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of the crystal lattice. It should be possible to modify these and possibly 
produce new energy levels by the adsorption of gases, as well as at the 
same time moving the edges of the conduction and valence bands with 
respect to the Fermi level. These fast surface states that are characteristic 
of the clean surface have relaxation times of the order of 0.1 microsecond 
and are presumably the ones that determine carrier generation and re¬ 
combination at the surface. 

In the presence of oxygen, an oxide layer will be produced on the surface 
of materials such as silicon and germanium, and other surface states are 
possible at the oxide-gas interface. These are termed “slow surface states” 
and have relaxation times from 10~' 5 sec to many hours, depending on the 
condition of the surface. It is believed that these long time constants arise 
because the states are in poor electrical contact with the semiconductor, 
being separated from it by the oxide film. Therefore, on a surface that is 
contaminated, one should be able to produce changes only in the distribu¬ 
tion of slow states, since the fast states at the solid-oxide interface are 
not accessible to gases adsorbed at the oxide-gas interface. 

On p. 678 we will describe the space-charge region at the solid-gas inter¬ 
face and how it arises. A description of rectification at a semiconductor- 
metal interface is also given since in many ways it is analogous to the 
semiconductor-gas case. This is followed by a consideration of slow and 
fast surface states as defined above. 

On p. 688 the effect of adsorption of various species on the Fermi level 
in the space-charge region is described together with the resulting changes 
in the catalytic properties of the semiconductor. The adsorption process 
is extended to include the growth of oxide films which are themselves 
frequently semiconductors. 

In the final section, the effect of adsorption on the electrical properties 
of the semiconductor is considered. This includes such topics as work 
function, surface conductance, field effect, surface recombination, and 
excess current and surface breakdown on semiconductor devices. 

THE SURFACE OF A SEMICONDUCTOR 
Definition of Terms 

There exists at a semiconductor surface, as at most phase boundaries, a 
space-charge double layer. This may originate because of the presence of 
ions of one sign, or the alignment of adsorbed molecules having an elec¬ 
trical dipole moment. In metals, such a charge is compensated by a high 
density of electrons or holes within an atomic diameter or two of the sur¬ 
face but in semiconductors at least part of the electron or hole distribution 
must be spread over a relatively wide space-charge region because of the 
much lower bulk charge density. 
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We will now outline the theory of the space-charge region at the surface 
of a semiconductor following the treatment given by Garrett and Brattain. 1 

In Figure 16.1 the band structure near the surface of a piece of n-type 
semiconductor is shown. In this figure F refers to the electrostatic potential 
measured from an arbitrary zero, and has the value F 0 far in the interior 
and F s at the surface. The actual value of F s , which is a measure of how 
far the energy bands are bent at the surface depends on the surface con¬ 
ditions. The whole curve of F versus distance is approximately midway 
between the bands since F is chosen so it coincides with the position of 
the Fermi level in intrinsic material. In this figure all potentials are meas¬ 
ured positive downward. 

Assuming that the donors and acceptors are completely ionized at all 
points, one may write down the space-charge in terms of the local con¬ 
centrations of holes (p) and electrons (n). We will assume that the impurity 
concentration is always sufficiently low that the Fermi-Dirac assembly is 
nondegenerate. 

For the equilibrium case we may write 2 

p = rti exp /3(<Fo — F), n = Ui exp 0(F — <F 0 ) (16.1) 

where /3 = q/kT, rii is the density of holes and electrons in the intrinsic 
semiconductor, F is the electrostatic potential, and <F 0 is the Fermi levei 
b/F 0 = E f , thus E f in ev is numerically equal toF 0 in volts). In equilibrium. 
<F 0 has a constant value right up to the surface but the electrostatic poten¬ 
tial F, while uniform in the bulk of the semiconductor, changes in the 
region near the surface. 

For the nonequilibrium case we must introduce the concept of “quasi- 
Fermi” levels or “imrefs,” one for electrons <t>„ and one for holes <F P . These 




Figure 16.1. Energy diagram of semiconductor surface region. 
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are defined in terms of n, p , and Ar by the equations 

p = rii exp /3(4> p — A?), n = Ui exp — 4> n ) (16.2) 

where ^ is the electrostatic potential at a point where the concentrations 
of holes and electrons are n and p. It is easily seen from Eqs. (16.1) and 
(16.2) that at equilibrium <f>* = 4> p = 4> 0 . If the equilibrium is disturbed, 
for example, by a field or illumination, the imrefs at the surface will not 
have their equilibrium values, as is shown in Figure 16.1, where the quan¬ 
tities $n and 4> p have values 4> ns and 4> ps at the surface. It should be noted 
that while the electrostatic potential only varies over a distance of about 
10 cm, the imrefs vary much more slowly and require a diffusion length, 
or about 10 -1 cm, to reach their equilibrium value of 4> 0 . In the case of 
large applied fields, 4> n and 4> p will not be constant across the space charge 
region and the following treatment will be inapplicable. To determine the 
form of the electrostatic potential near the surface one must solve Poisson’s 
equation 

V 2 * = — (47r/ k)p(x) (16.3) 

Here k is the dielectric constant of the semiconductor and p(x) is the charge 
density in the space-charge region given by 

p(x) = q[(p - p 0 ) - (n — n 0 )] (16.4) 

where po and no are the hole and electron concentrations in the body of the 
semiconductor. 

By substituting Eqs. (16.2) and (16.4) into Eq. (16.3) we can integrate 
it assuming that and p vary only in the direction perpendicular to the 
surface. Then 

d £ = ±| [\e P {e~ y - 1) + rVV - 1) + (X - X^r (16.5) 

where A = ni/no , y = 0OF — ^ 0 ), £ = [k/27t^/ 3] 1/2 ^2 X KT 4 cm for 
germanium at room temperature, P = /3(4> p — 4> 0 ) and N = — 4> 0 ). 

The positive sign applies when the bands bend up (y negative); the nega¬ 
tive sign applies when they bend down. Eq. (16.5) is generally applicable 
for either n- or p-type semiconductors with y either negative or positive. 
For the equilibrium case, N and P are both equal to zero and the cor¬ 
responding factors in Eq. (16.5) become equal to unity. 

The quantity Y is the value of y at the actual surface and is therefore 
given by 

Y = 0(¥. - ¥o) (16.6) 

Thus Y is a measure of the amount of bending of the bands (in units of 



680 


SEMICONDUCTORS 


kT/q ) and is also given by 

Y = P$s + In X (16.7) 

where 3> s is the distance between the Fermi level and the electrostatic 
potential at the surface (Figure 16.1). 

Three important cases of (16.5) may be encountered which are called 
the “exhaustion/’ the “inversion” and the “enrichment” conditions. The 
exhaustion region is a region in which the densities of both holes and elec¬ 
trons are small compared to the uncompensated impurity density. Such a 
region will exist on an n-type sample if the bands bend up (F negative 
and on a p-type sample if they bend down (F positive). Mathematically, 
this is equivalent to saying that the first and second terms under the 
square-root sign of Eq. (16.5) are small compared to the third term. Hence 
on integration one finds that the potential varies as the square of the dis¬ 
tance or the Mott-Schottky parabolic law results. 

If one continues to change F in the same direction, the exhaustion region 
finally goes over into an inversion region when the greatest contribution 
to the space-charge comes from carriers of the opposite kind to those pre¬ 
dominating in the bulk. Thus, one would have a p-type region on an n-typ- 
semiconductor or vice versa. This layer is concentrated very close to tb^ 
surface (or in other words, its thickness is very small compared with ^ 
and the drop in potential across it is usually negligible compared to tin 
drop across the parabolic region. In this case the third term under tbe 
square-root sign in Eq. (16.5) can be neglected and the value of dy di 
is given by one or other of the exponential factors (which one depend- 
on the sign of the majority carrier and thus on X). The value of F require:, 
to produce an inversion region is a function of the semiconductor doping 
The nearer the Fermi level lies to the conduction band edge for an n-tyr- 
sample or to the valence band edge for a p-type sample, the greater the 
value of F (in a negative or positive sense respectively) required to pr - 
duce an inversion region. 

The inversion and exhaustion regions discussed above may exist simul¬ 
taneously as part of the total space-charge layer (in fact an inverse* 
region is impossible without an exhaustion region existing immedia'r- 
below it). They can exist only if the bands bend up on n-type sendee*- 
ductors and down on p-type. 

The enrichment region results if the bands bend down on n-type mateh^ 
and up on p-type. Thus the majority carrier concentration at the surfj.?v 
is higher than it is in the bulk. In this case as in the inversion layer cas- 
the charge is concentrated quite close to the surface as the charge givmc 
rise to the electric field is largely that of the mobile carriers. Thus iz 
integration of (16.5) can be performed by again neglecting the third tern 
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under the square-root sign (as in the inversion layer case) but using the 
other branch of the square root function since Y is now negative for p-type 
material and positive for n-type. 

The Metal-Semiconductor System 

We shall now consider the properties of the metal-semiconductor system 
since the Mott, 3 Schottky, 4 Davydov 0 theory of rectification is the basis 
for the concept of a space-charge layer at the semiconductor surface. 

Let us first of all see what happens when two metals that differ in work 
function are allowed to approach one another. In Figure 16.2(a) the metals 
are shown widely separated. The positions of the Fermi levels are $1 and 
$2 and the difference in energy between each of these quantities and the 
energy of an electron in the vacuum at a large distance from the surface 
vacuum level represents the work function of the particular metal. Ob¬ 
viously at equilibrium the two Fermi levels must be equal so that when 
the metals are separated by a sufficiently small vacuum space that electron 
flow across it is possible electrons flow from metal 2 to metal 1 until a 
surface charge double layer is produced that allows the two Fermi levels 
to be the same. This condition is shown in Figure 16.2(b) where it may 
be seen that a barrier of height $1 — $2 has been formed. As a result of 
the charge flow all the bulk electron levels in metal 2 have been lowered 
and those in metal 1 raised. 

A similar scheme explains what happens with a semiconductor-metal 
contact. The main difference here is that the charge density of the semi¬ 
conductor is much smaller than in a metal so that the electron flow which 



(c) (d) 

Figure 16.2. Energy diagram showing the formation of rectifying barriers. 
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produces the double layer and the negative charge on the metal surface 
will affect the electron density far into the semiconductor. This produces 
the space-charge region extending about 10“ 4 cm. into the body. Figures 
16.2(c) and 16.2(d) illustrate the energy picture for an w-type semicon¬ 
ductor before and after contact. The production of a barrier as shown 
depends on the relative values of the metal work function and the position 
of the semiconductor Fermi level (or work function). For an n-type semi¬ 
conductor a positive space charge is produced when the work function of 
the metal is greater than the semiconductor work function while for a 
p-type semiconductor a negative space charge is found only when <f> 1 - 
less than the semiconductor work function. 

The rectification properties of a system such as shown in Figure 16.2(d' 
are readily described in terms of the effect of applied field on the barrier 
height. (In this discussion we neglect the effect of image forces on the bar¬ 
rier.) If a forward voltage is applied, i.e., the metal is made positive and the 
semiconductor negative, the height of the barrier viewed from the metal 
is unchanged. However, the electron levels in the semiconductor have 
been raised by an amount qV where V is the applied voltage, hence the 
height of the barrier viewed from the semiconductor has decreased by qV. 
This leads to an increased electron current from semiconductor to metal 
which increases exponentially with V. If a reverse voltage is applied, 
again the barrier viewed from the metal side is unchanged but viewed 
from the semiconductor, the barrier has increased and the electron flow 

to the metal has decreased. The total current, whatever the direction of 
the applied field, may be shown to be 

I = A exp (<P'/kT)[[ - exp ( — qV/kT)] (16.8' 

where A is a constant and <!>' is the barrier height at the interface equal to 

•hm - X- X is the energy difference between the edge of the conduction 
band of the semiconductor and the vacuum level. 

If the concentration of impurity atoms, N, in the semiconductor is 

uniform, then the thickness of the barrier layer X and the potential differ¬ 
ence across it are related in the formula 

= (2ir NqX 2 )/ K (16.9* 

The layer has a capacity C B per unit area given by 

C B = <c/4irX (16.10' 

From this description of metal-semiconductor contacts it is apparent tha; 
if a series of metal points are placed in contact with a semiconductor, such 
as germanium or silicon, one would expect a great variation of & from 
one metal to another, of the same order of magnitude as the variation iz. 
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their work function. Thus the rectification characteristic should be strongly 
affected by the work function of the metal used. In fact, however, very 

6 7 

little variation was found and this led Bardeen' to postulate the existence 
of surface energy states. He assumed that there is a space charge layer 
at the free surface of a semiconductor arising from the equilibrium between 
electrons in surface states and those in the interior. If the surface states 
are dense enough, they should screen the interior of the semiconductor 
from any external field. Thus, when a metal point is placed on a piece of 
semiconductor, the charge flow required for the formation of the double 
layer comes not from the body of the semiconductor but from the charge 
in the surface states if they are sufficiently dense. Therefore, the value of 

is not determined by the work function of the metal but by the space 
charge set up by the surface states. 

An alternative explanation, also considered by Bardeen, is that the pres¬ 
ence of an oxide film on the semiconductor surface prevents the potential 
just inside the semiconductor from being affected by the presence of the 
metal point. Presumably the lack of dependence of the rectification prop¬ 
erties on the work function of the metal point is due to a combination of 
a surface oxide film and surface states or as we will see later in the case 
of germanium to slow states (in the oxide) and fast states (at the inter¬ 
face). 

One further reason why rectifiers such as copper oxide do not behave 
ideally is that the surface is not homogeneous. This patch effect has been 

• # g 

clearly shown to be present in the data obtained by Brattain. In the case 
of single crystal material such as germanium and silicon, such hetero¬ 
geneity is much less likely. 

The Gas or Vacuum-Semiconductor System 

A space-charge region similar to that discussed above for the metal- 
semiconductor system must exist for the gas-semiconductor system. 
Garrett and Brattain 1 have considered the properties of the space charge 
region itself and obtained expressions for the surface excesses of electrons 
T n and holes T p as functions of the surface potential. The surface excess 
of a charge carrier is the difference in concentration between that found 
in the actual system and that which would be found if the phases were 
homogeneous up to some arbitrarily chosen dividing surface. From these 
expressions one can obtain the net surface charge density due to the space- 
charge region, the dependence of potential in the space-charge region on 
distance and finally the excess conductivity due to mobile carriers near 
the surface. 

In the limits of Y (which is a measure of the surface potential) large in 
a positive and negative direction respectively, they obtained the expressions 
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t p ~ n i£ exp 03[$ p - TJ/2) ( 16 .li 

r » ~ n ( £ exp (/3[T S - 4>,J/2) (16.12 


A somewhat different derivation of these equations has been independ¬ 
ently reported by Kingston and Neustadter . 9 These equations show that 

A Oi i /-v U 4- Vv ^ __i P i i • ^ _ 


A- -~ |^/A UOOlWl 

n and p in a bulk semiconductor): 


p = rii exp [/? ($ p 
n = m exp [/3 (T 0 


conductor has a value of 3.5 X 10 9 cm 
ature. 


-2 


densities of charge 

carriers 

'ko)] 

(16.13 

*»)] 

(16.14 

an “intrinsic” surface semi- 


for germanium at room temper- 


Garrett and Brattain showed that Eq. (16.9), which describes the shape 
of the space-charge region, is a poor approximation except when the sur- 
face potential varies in the direction tending to produce an inversion layer 
i.e., surface conductivity of opposite type to the hulk, by an amount that 

in comparison with that 

which would actually produce an inversion layer. 

More recently, Seiwatz and Green 9,1 have considered the variation of the 
potential difference across the space charge region as a function of the 
surface electric field for the more general case, where partially ionized 
impurities and degenerate free carrier distributions are taken into account. 
Their solutions are of importance in clean surface work since (see p. 706 
the surface is usually degenerate, or nearly so, after the cleaning process. 


Carrier Mobility in the Space-Charge Region 

The expressions given above for the variation in carrier density with 
surface potential are only applicable to conductivity measurements if 
one knows how the carrier mobility is affected near the surface. Treatment - 


bulk 

con- 


. . a -VyCAA A 1U1 o Ciic Lull- 

strained in the potential well due to the space charge they will frequently 
collide with the surface, and one should hence expect a reduced mobilitv 
This problem has been treated by Schrieffer 10 who calculated theoretical* 
the curves shown in Figure 16.3. These show the variation in the ratio 
/V//g 5 (where g e // is the effective mobility in the space-charge region ar.c 
is the bulk mobility) as a function of the surface potential. Thus at 
room temperature at a surface potential of 0.25 volts, the mobility > 
reduced by a factor of about two. The effective mobility is defined in such 
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Figure 16.3. Heff/nb as a function of surface potential. (After Schrieffer. 10 ) 

a way that the surface conductance is correctly given by 

AG = qn eff r (16.15) 

for whichever carrier is present in excess. 

The experimental determination of the mobility of charge carriers in 
the surface region is quite difficult. Conductivity measurements give only 
the product n e f/T. Field effect measurements (see p. 716) are not simply 
related to the actual carrier mobility. 11 Bulk mobilities are often deter¬ 
mined by Hall effect measurements and recently Zemel and Petritz 12 have 
made similar measurements of the conductivity of a thin slice of germanium 
in a magnetic field and shown that surface carrier mobilities are indeed 
lower than the bulk values. Their data do not, however, agree quantita¬ 
tively with Schrieffer’s theory unless two kinds of holes are assumed to 
contribute to the surface conductance. In this connection it has been 

13 ® ® 

pointed out by Ham and Mattis' that in calculating the mobility of car¬ 
riers in thin channels, it is necessary to take into account the anisotropy 
of the constant energy surfaces so that Schrieffer’s theory is at best a 
first approximation and complete agreement with it cannot be expected. 

Surface States 

We have so far considered the structure of the space-charge region at 
the surface assuming that all the holes and electrons right up to the solid- 
gas interface are free to move. As mentioned in the introduction, however, 
there is reason to believe that surface states exist into which electrons can 
be bound in such a way as to take no part in lateral conduction processes. 
If the density of these states were very high, one could have conduction 
through a surface zone. It is also reasonable to assume that these surface 
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states are associated through trapping with the recombination of minority 
carriers at the surface. Such surface states may be of two types: (a) in¬ 
trinsically due to the termination of the crystal lattice, or (b) due to the 

presence of impurities such as an oxide layer or adsorbed gases or ion- 
on the surface. 

The first of these is frequently obscured in dealing with wave functiom- 
iii solids because the theoretical treatment deals with the solid as in infinite 
crystal. It is convenient to divide surface states into two classes: (a) fast- 
states and (b) slow states. All this classification means is that type (a) 
are in good electrical contact with the underlying semiconductor and any 
change in their occupation is reflected in the properties of the semicon¬ 
ductor in times of the order of 10 6 seconds, while type (b) are in poorer 
electrical contact, for example, on the outside of an oxide film, and have 
time constants much longer, frequently as high as minutes. 

Fast States. A number of theoretical studies 14 ’ 24 have indicated the 
likelihood of the existence of surface states at the boundary of a solid 
crystal lattice. The first of these studies was carried out by Tamm 24 who 
considered the wave functions for a one-dimensional crystal in which the 
atomic fields were represented by square potential wells. He found that 
in this case it was possible to have energy levels localized at the surface 
of the crystal. In this treatment a semi-infinite crystal was considered 
and Tamm found that one surface level was possible in each forbidden gap 
between the allowed bands of energies. In a later paper, Fowler 16 discussed 
Tamm’s levels for a finite crystal and pointed out that the levels should 
occur in pairs since any finite chain of atoms has two terminating points. 
Shockley investigated the energy levels associated with a finite periodic 
lattice and showed that surface levels in pairs appear in the energy gap 
between the allowed bands, one level coming from each band. The differ¬ 
ence between Shockley’s treatment and that of Tamm arises because 
Tamm’s potential was not periodic at the surface, i.e., it dealt with the 
termination of the lattice, while Shockley’s states were due to the crossing 
of the energy bands at small interatomic distances. Shockley pointed out 
that in a three-dimensional crystal his type of surface states should I* 

half filled and that therefore the surface band should be conducting in twc 
dimensions. 

The work of Kimball 2 ' 1 indicated that for diamond there should be half- 
filled surface bands, and therefore surface conductivity. Such a conductivity 
has not been observed, due possibly to the presence of adsorbed atoms. If 
the adsorption process involved a transfer of electrons from the gas to the 
vacant levels in the surface band, 22 so many electrons might be added tha* 
the surface band became completely filled, and therefore nonconducting. 
The surface levels could enter into conduction in another way by acting 
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as impurity levels. Electrons in the normally filled states of the crystal 
could be excited optically or thermally to the surface levels, thus leaving a 
partially filled and therefore conducting band. Similarly, electrons could 
be excited from the surface levels to higher bands and again enter into the 
conduction process. 

The above types of surface states should have a density of about 10 15 
cm -2 or one per surface atom. They obviously are all in good electrical 
contact with the underlying solid and therefore might appear for example 
as recombination centers. We will see later (p. 709) that at present there 
is no unambiguous evidence for their existence, although they are not 
infrequently invoked to explain certain phenomena. There is no doubt 
from measurements of surface recombination, field effect, etc. on clean 
surfaces that surface energy levels do exist in the forbidden gap, but it 
would appear at present that their numbers are less than 10 15 cm -2 , and 
their physical origin remains obscure. It is possible that they are associated 
with surface imperfections of the type found on metal surfaces where 
intersections of planes, cracks and dislocations account for surface heter¬ 
ogeneities of the order of 10 12 cm -2 , a number that is close to many esti¬ 
mates of fast states on semiconductors. 

Slow States. In addition to the fast states described above, there is 
considerable evidence that a second set of states with much longer time 
constants exists for some materials at a semiconductor-gas interface. It is 
generally believed that these slow states are located either in the oxide 
film on the surface or at the oxide-gas or -vacuum interface; i.e., we are 
dealing with the system gas-oxide-semiconductor, where the oxide film 
itself may also be a semiconductor. Thus the long time constants observed 
for transitions to or from the slow states arise because it takes a consider¬ 
able time for the charge to pass through the oxide layer. Most of the work 
on slow states has dealt with the germanium and silicon surfaces which 
must under nonvacuum conditions be covered by an oxide film. The den¬ 
sity of charge in the slow states is normally in thermal equilibrium as can 
be shown by the reversibility of any departure from equilibrium. If the 
density of charge in the slow states is disturbed and then the disturbance 
is removed, the original density will be re-established at some later time. 

The question of whether the slow states are on the oxide-gas surface or 
in the oxide itself must also be considered. At present most of the avail¬ 
able information indicates that they are at the solid-gas interface. Recent 
work by Lasser et aZ. 26 has shown that the time constants of the slow states 
increase steadily as the thickness of the oxide film is increased. These 
results are interpreted to mean that the states are at the oxide-gas inter¬ 
face, since the addition of further states to the bulk oxide (as a result of 
its increased thickness) should not increase the time required for charge 
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transfer between the states and the semiconductor. On the other hand if 

the states were at the solid-gas interface, an increase in the film thickness 

would place them further from the semiconductor and therefore increase 
the decay time of charge induced in them. 

At present practically nothing is known about the chemical origin of 
slow states, only that their behavior is determined to a large extent by the 
ambient gas. Experimental data can be explained on the basis of a density 
of about 10 to 10 13 states cm 2 located near the Fermi level. 

Summary 

In summarizing the present picture of a semiconductor surface we can 

say that the energy bands are bent near the gas-solid interface (the space- 

charge region) in such a way as to neutralize the excess charge that exists 

in the surface states and on the free surface. These states are arbitrarily 

divided into two classes, fast and slow, on the basis of their relaxation 

times. 1 he density of both types of states in the case of germanium which 

has been studied more extensively than have other semiconductors, can 

be inferred from physical measurements as being less than 10 14 cm - ' 2 but 

their position on an energy scale as well as their origin cannot at present 

be described with any certainty. Little or no evidence is available for the 

existence of states associated purely with the termination of the lattice 
(Tamm states). 
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ADSORPTION ON SEMICONDUCTORS 

Theory 

At present the bulk properties of homogeneous semiconductors such a* 
silicon or germanium are well established. It has been possible to show 
which substances introduced into the semiconductor crystal as impurities 
produce changes in conductivity. The concentrations of these impurities 
are frequently quite small (10 13 to 10 16 cm“ 3 ) but they can be readily con¬ 
trolled. At the semiconductor surface, however, no such contrc 
possible over impurities which may amount to as much as 10 
is now well established from measurements of electrical conductivity for 
example that a charge transfer may take place between these adsorbed 
species and the semiconductor. This would presumably only occur durinr 
chemisorption and we might therefore expect that physical adsorption 
would have little or no effect on the electrical properties of the semicon¬ 
ductor. In the case of germanium 27 and silicon, 28 those gases which have 

been found to be only physically adsorbed certainly do not affect th- 
electrical conductivity of the semiconductor. 

The presence of impurity atoms (or ions) on the semiconductor surface 
can produce two effects. First, as we have already seen, the energy ba 
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Figure 16.4. Energy diagram of a semiconductor surface showing a single surface 
energy level A. 

near the surface may be bent to maintain charge neutrality (i.e., a change 
in surface potential) and second, the formation of discrete energy levels 

(or surface states) is possible. 

Figure 16.4 shows a localized level A at energy E A corresponding to a 
chemisorbed molecule. The location of A depends on the distance between 
the crystal and the adsorbed molecule, i.e., it is determined by the nature 
of the lattice and of the adsorbed molecule. Let N M be the total number of 
molecules of a given type adsorbed per unit area of surface, and let N M ' 
be the number of these that are in a charged state. Then 

v = Nm'/Nm (16.16) 

where rj is the fraction of the adsorbed molecules that are charged or the 

probability that the adsorbed molecules will be in a charged state. If the 
level A is an acceptor level, then 

” = (i + exp [t]) (1617) 

and if it is a donor level 

= ( l + exp (1618) 

Thus, it is a function of both temperature and the position of the Fermi 
level in the bulk. The absolute magnitude of the surface charge is given 
by r)N M so that a potential difference exists between the surface and bulk 

of the semiconductor (the space charge region). 

The potential inside the semiconductor is determined by Poisson’s 

equation 

d 2 'F 47 t / , 

TV = © — PW 
ax 1 k 


(16.19) 
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where p(x) is the density of the space charge and the boundary conditions 
are 





(16.21 \ 


The charge transfer resulting from the adsorption of gases may result 
in conductivity changes in the semiconductor. However, any interpretation 
of either the direction of the change or its magnitude is fraught with cer¬ 
tain difficulties in the case of a two carrier semiconductor. One might a: 
first sight expect that if we start with a semiconductor which has n-type 
bulk conductivity and by adsorbing a gas on its surface produce an increase 
in conductivity, then we have induced a net positive charge on the surface 
or an increased electron density in the space charge region. However 
unless we have confirming evidence, we cannot be sure that the surface 
region of our starting material was indeed w-type. It is conceivable thai 
before the deliberate adsorption we had a p-type region at the solid-gas 
interface so that increased conductivity would then correspond to a nega¬ 
tive surface charge. Also if for any reason the starting surface is intrinsic, 
i.e., an equal number of holes and electrons, then adsorption of either 
donors or acceptors will lead to an increased conductivity. 

Even if the original nature of the surface is well defined, as for example 
by field effect measurements (vide infra), we must remember that carrier 
mobilities in the space charge region need not necessarily be equal to the:: 
bulk values (see p. 684). For these reasons simple measurements of elec¬ 
trical conductivity are insufficient to decide either the direction or the 
magnitude of the charge transfer process. 


In addition to these uncertainties in interpreting conductivity measure¬ 
ments, it may be worthwhile to point out certain pitfalls in the measure¬ 
ment of this quantity. The measurement of the d.c. resistance of non-single 
crystal material is often essentially worthless, as the grain-to-grain conta"" 


alus 


bear little or no relationship to the properties of the individual parti 
In addition, extreme care has to be taken to avoid errors from rectify 




contacts and from thermal emf’s which may develop across the samp.-. 
By making the resistance measurements as a function of frequency it 
usually possible (unless the sample resistance is very high) to ove 
most of these problems. 


The suggestion that chemisorption on semiconductors might be treated 
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Figure 16.5. Effect of anionic chemisorption on an n-type semiconductor. 




Figure 16.6. Effect of cationic chemisorption on a p-type semiconductor. 

as a purely electronic boundary layer problem was put forward independ¬ 
ently by Aigrain and Dugas, 29 Hauffe and Engell 30 and Weisz. 31 

The two cases of this type, namely, negative ions adsorbed on an n-type 
semiconductor (e.g., oxygen on Ge and Si) and positive ions adsorbed on 
a p-type semiconductor (e.g., water on Ge and Si), are shown in Figures 
16.5 and 16.6. It should be noted that \F' = >F a — = Y/fi (cf. Eq. 16.6). 

For chemisorption on the n-type material, the energy of adsorption 
of the first atom will be (a — $)q where a is the electron affinity of the 
atom adsorbed and <f> is the work function (or Fermi level) of the semi¬ 
conductor, since this is the energy change associated with the transfer 
of an electron from the semiconductor to the adsorbed atom. As we have 
seen above, this type of process produces a space-charge region so that we 
no longer have the simple barrier due to the work function to surmount 
in removing electrons from the semiconductor but also the additional 
barrier \F'. With increasing adsorption, the value of > F / increases until at 
equilibrium the Fermi levels of the semiconductor and adsorbate are 
equal. Beyond this point chemisorption no longer leads to a decrease in 
the free energy of the system so the process stops. 

Let the barrier then be equal to \F' caused by a number N M ' of ions 
adsorbed and giving rise to a space-charge of depth X. 

For adsorption on p-type material, the energy of chemisorption of the 
first atom is (<£ — I)q where / is the ionization energy of the adsorbate. 
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Again, as the number of adsorbed atoms increases, a barrier of height F' 
is formed (See Figure 16.6). These problems may be treated in terms of 
the conventional barrier layer theory for metal-semiconductor contacts 
and the appropriate solution of Poisson’s equation gives 


F' 


2tt q 


K 


(n 0 2 ) 


(16.22 


where no is the bulk carrier concentration of the semiconductor. If the 
charge in the boundary layer is equal to the charge in the adsorbed film 


N 


M 


From Eq. (16.22) and (16.23) 

Nm 


K 


_2irq 


no 

(16.23 

n 1/2 

n 0 F' 

(16.24) 


All the workers cited above assumed that all of the adsorbed molecules 

were present as ions so that N M ' calculated in this way gave the total 

concentration of adsorbed species N M . We can readily obtain an order of 

magnitude for N M '- If k = 10, no = 10 18 cm" 3 and F' = 

12 


2 ev which ar- 


reasonable values, then N M = 3.5 X 10 12 adsorbed species cm" 2 . On most 
surfaces the number of sites is about 10 la cm -2 so the theory predicts tha T 
the equilibrium coverage for chemisorption leading to a depletion layer 
is less than 1 per cent. 

Experiment 

This value of the coverage of 1 per cent is too low to detect by standard 
adsorption techniques so that it has been investigated by means of elec¬ 
trical methods. Measurements of the electrical conductivity and Hall effect 
of polycrystalline ZnO samples by Anderson, 32 Hahn, 33 Miller 34 and Volger ‘ 
have shown that the conductivity is primarily determined by the boundary 
layer. Chemisorption of water by the p-type Cu 2 0 decreases its electrical 


• • 3 6 

conductivity.' These data have been treated by Hauffe 3 ' in terms of th- 
boundary layer theory and the law of mass action and he showed that the 
conductivity of the sample should be proportional to (log P H2 o) 1/2 in good 
agreement with experiment. For further comparisons of experiment with 
the boundary layer theory, the reader is referred to two recent excellent 

• 37 38 

review papers. ’ 

The theory also predicts the variation in the heat of adsorption wvi 

31 • 

coverage. As pointed out above, the energy of adsorption of the 
atom is (a — F)g on n-type material and (F — I)q on p-type. When th*- 
boundary layer has a thickness X this energy has been reduced to a v; 

[a — <£ — F(X)]g or [<£ — / — F(X)]g per atom respectively. Thus thr 
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Figure 16.7. The variation of the heat of adsorption on a semiconductor with 
coverage (0). 


Ai/-coverage curve represents the variation of A? with X which, from Eq. 
(16.22), has a parabolic form (Figure 16.7). We may note that the lower 
the initial heat of adsorption, the lower is the equilibrium adsorption 
value. N M is practically independent of temperature unless the Fermi 
level is affected, and this shift will be in the direction of less adsorption 
at the higher temperatures. 

All the results described above are based on the assumption that the 
adsorbed molecule is always present as an ion, i.e., rj = 1. Hence neutrali¬ 
zation of the molecule means desorption, but as Volkenstein 39,40 has 
pointed out, this neutralization should only mean that the nature of the 
bond of the adsorbate to the lattice has changed. As shown in Figure 16.8, 
Volkenstein has plotted 77, the fraction of the adsorbed molecules that are 
present as ions as a function of the position of the Fermi level. The bound¬ 
ary layer theory would give the curve abed, i.e., 77 has a value of zero or 
unity. It is this theoretical restriction which leads one to expect the very 
low equilibrium coverage values discussed above and in fact electrical 
measurements will only detect adsorbed species present as ions since only 
this type of adsorption will lead to charge transfer. 

If, however, we allow variations in 77 from zero to unity, i.e., the ad- 



Figure 16.8. Fraction of adsorbed molecules present as ions as a function of the 
position of the Fermi level. The level A is an acceptor level. {After Volkenstein , 39 ) 
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sorbed molecule may or may not be present in the form of an ion, this 
limitation in coverage is automatically removed. This problem has been 
considered by Volkenstein and Sandomirski. 41 

We then have the possibility that N M is very much greater than N M 
so that total adsorption measurements by classical methods (which would 
give N M ) could lead to values, orders of magnitude greater than the cor¬ 
responding values of N M ' deduced from electrical measurements. 

Krusemeyer and Thomas 42 have treated the adsorption equilibrium 
between the gas phase and the semiconductor surface more generally 
They do not confine their treatment to the adsorption of either donor or 
acceptor atoms but consider the behavior of a mixture where not neces¬ 
sarily all of the adsorbed species are ionized. Since the coverage is then 
not limited by the number of atoms which can undergo a charge transfer 
process, it is necessary to assume a particular adsorption isotherm for 
total (neutral plus ionized particles) coverage before solving the problem. 
Krusemeyer and Thomas 42 assumed a Langmuir type adsorption isotherm. 

Thick Oxide Films 

A logical extension of the adsorption process leads to the build-up of 
oxide films on the surface. In this case it is possible that a space-charge 
of the type discussed by Mott and Cabrera 43 may be set up. If the film 
growth takes place for example by cation vacancy formation, a separation 
of charge will occur at the boundaty and the resulting electric field may 
be the rate controlling factor. Even when the underlying material is nor 
a semiconductor, the oxide film formed may well be one, for example the 
growth of NiO on Ni. This system has been treated by Wagner and Griine- 
wald 44 who obtained the following expression for the parabolic rate constant 

k = MkT/q) 2 a°[Py: ~ Po-mo] (16.25- 

where ft is the volume of NiO per metal ion, a t ° is the ionic conductivity 
of NiO at 1 atm pressure of O 2 , Po 2 is the actual oxygen pressure, and 
To-Nio is the equilibrium dissociation pressure of NiO. Hence ** 
would expect the oxidation of Ni to follow a parabolic law, dn/dt = h *» 
where n is the number of oxygen molecules taken up in time t, with the 
rate constant k proportional to the one-sixth power of the oxygen pres¬ 
sure. Wagner and Griinewald 44 have measured values of k for this system 
and found that k is indeed proportional to the one-sixth power of the 
oxygen pressure as shown in Figure 16.9. Thus for films sufficiently thick 
that the oxidation process is controlled by transport of material through 
the oxide (i.e., a parabolic law) one finds a dependence of rate constat: 
on some fractional power of the oxygen pressure if the oxide formed is - 
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Figure 16.9. Parabolic rate constant for the oxidation of nickel at 1000°C as a 
function of the 6th root of the oxygen pressure. (After Wagner and Griinewald. u ) 

semiconductor. This will only be true if the film is sufficiently thick that 
a space-charge region can be set up and tunnelling of electrons through 
the film neglected. 

Measurements have been reported for the high temperature oxidation 
of germanium 45,46 and silicon 47,48 but neither show any effect associated 
with their semiconducting properties. It is possible that measurements in 
the extrinsic range will show up interesting effects associated with the 
underlying semiconductor, but attempts to observe differences in the 
oxidation rates at room temperature for p- and n-type germanium 49 have 
so far proved fruitless. In the case of germanium at high temperature, the 
rate is controlled by the evaporation of the monoxide, while for silicon a 
parabolic law is obtained. For both elements the temperature range in¬ 
vestigated was sufficiently high that the material was intrinsic and there¬ 
fore behaved like a metal. 

Thin Oxide Films 

By this is meant sufficiently thin films that space-charge effects may be 
neglected. If the thickness of the oxide film is small compared to the depth 
of the space-charge region, no space charge can be set up in the oxide film 
to balance the charge associated with adsorbed oxygen ions. Thus a strong 
electric field could exist across the oxide which would enhance migration of 
positive ions outwards from the underlying solid lattice. This problem was 
considered by Mott 50,51 ’ 52 who obtained different laws of growth depend¬ 
ing on whether the oxidation product was a p-type or n-type semicon¬ 
ductor. If the oxide formed is an n-type semiconductor (e.g., ZnO), the 
oxidation process should be described by a parabolic law dn/dt = k/n, 
while if it is a p-type semiconductor (e.g., CU 2 O), a cubic equation dn/dt = 
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A/n should be obtained. It must be noted however that the type of oxida¬ 
tion law obtained is strongly dependent on the particular temperature 
range investigated. 

The chemisorption of oxygen on both germanium 49 and silicon 53 has 
been studied. In both cases the first layer is adsorbed practically instan¬ 
taneously at pressures below 1(T 4 mm Hg while the rate of formation of 
the second layer is described by an Elovich equation, dn/dt = B exp ( — Cn L 

In the case of germanium, samples of different dopings were studied but 
no difference in the rate observed. 

Photoeffects 

When one is dealing with a semiconductor-gas system it is frequently 
possible to change either the rate of the adsorption (or oxidation) proce- 
or its extent by illuminating the surface. This can be readily understood 
from what has been said above about the adsorption process from an 
electron transfer point of view. By illuminating the sample with light of a 
suitable wave length it is possible to produce hole-electron pairs. 

The increase in the adsorption of iodine of thallium iodide was studiec 
by Terenin. 54 Light of the same wave length that produced photoconduc¬ 
tivity in the solid led to an enhanced adsorption. Similar effects wen- 
found by Hedwell and Nord 55 on HgS and by Kobayashi and Kawaji* 
for the Z 11 S-O 2 system where illumination by light of wave lengths between 
3-4000A produced an increase in coverage equal to 7 X 1(T 2 of a mom - 
layer. The effect was reversed when the light was turned off. Similar effect- 
have been observed with metal-oxygen systems. For example, Cabrera 
et al.° 7 increased the rate of oxidation of aluminum at room temperature 
by a factor of two by means of ultraviolet illumination. This was explained 
as due to the ejection of electrons from the metal to the adsorbed oxygen 
resulting in an increased field across the oxide layer. These results likf 
the ones described above are only explicable if a space charge exists si 
the surface to enable charge separation to occur. 

Catalysis 

In recent years an attempt has been made to unify the mass of informa¬ 
tion that exists on catalysts and catalysed reactions. 58 When a system 
so chosen that volume and surface diffusion steps are very fast, a catalytic 
reaction may be formally represented as (a) chemisorption of one or mor- 
reactants, (b) reactions in the adsorbed phase and (c) desorption of prod¬ 
ucts. In the stationary state, the over-all reaction rate is determined j 
the rate of the slowest step. Most treatments of catalysis deal solely witi 
step (a) as the rate determining process. When one of the constituents 
the system is a semiconductor this process may be accompanied by electric 
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transfer. Experimental proof of such an exchange between the catalyst 
and the reacting gases was reported some time ago by Wagner and Hauffe 09 
who studied the decomposition of N 2 0 and the oxidation of CO on the 
semiconducting oxides NiO and CuO. This electron exchange process may 
be particularly favorable at certain points on the surface which correspond 
to Taylor’s concept of “active centers.” These could be regions associated 
with impurity atoms which would markedly affect the semiconducting 
properties of the catalyst. 

We have already seen (p. 692) that whenever chemisorption on a semi¬ 
conductor involves a charge transfer, the extent of the adsorption is quite 
small and usually less than one per cent of the total available sites are 
filled. The extent of the filling depends on the impurity concentration of 
the underlying material as shown by Eq. (16.24). It is therefore quite 
possible that the small fraction of the total area of a catalyst that is active 
could correspond to just those sites where a charge transfer type of chemi¬ 
sorption has taken place. Also, these considerations may apply to many so- 
called “metallic” catalysts whose surfaces must be covered by an oxide 
film which may be a semiconductor. 

If adsorption involving electron exchange is the rate determining step 
in a surface reaction, it may be studied by varying either the hole or elec¬ 
tron concentration in the semiconductor. This, of course, assumes that 
any variation in the bulk doping will produce a corresponding change in 
the Fermi level at the surface. Such has been shown not to be the case 

for silicon and germanium except in the extremes of hole and electron 

• 18 _3 

concentrations (>10 cm ). Most of the compound semiconductors 
studied have been sufficiently impure that one is in fact dealing with a 
high carrier concentration and this presumably accounts for the correla¬ 
tions found between impurity concentration and catalytic activity. Thus, 
NiO is a p-type semiconductor because in thermal equilibrium it contains 

• 3 1 • 

some Ni ions and excess oxygen. The number of holes can be increased 
by the addition of Li + or Ag + or decreased by adding Ga 3+ or Cr 3+ . Sim¬ 
ilarly, ZnO is an n-type semiconductor whose electron concentration can 
be increased by the addition of Ga 3+ or Al 3+ . Therefore, without varying 
the bulk chemical properties of the material it is possible to change its 
electron concentration by orders of magnitude so that its catalytic be¬ 
havior can be studied purely as a function of this parameter. Similar 
changes can be produced by doping the elemental semiconductors silicon 
and germanium. 

Catalytic reactions can be divided into two general classes (a) donor 
reactions in which electrons are transferred to the catalyst and (b) ac¬ 
ceptor reactions where electrons are transferred to the adsorbing species. 
In the first group are included hydrogenation and dehydrogenation re- 
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actions during which hydrogen is adsorbed as positively charged ions H + , 
while reactions involving gases with a high electron affinity like oxygen 
are included in (b). Therefore, we should expect that donor reactions (a) 
are catalyzed by p-type semiconductors and acceptor reactions (b) by 
n-type semiconductors. To simplify the problem it is usual to look for 
changes in reaction rate or activation energy on a single compound as a 
function of its impurity content. 

A systematic investigation of the reaction 

CO + ±0 2 C0 2 

on Li- and Cr-doped XiO (a p-type semiconductor) and on Ga and Li- 

doped ZnO (an n-type semiconductor) was carried out by Schwab and 

60 ^ 

Block. Their results are shown in Figures 16.10 and 16.11 where the 

activation energy for the reaction is plotted against the impurity content 
of the NiO and ZnO respectively. With NiO the reaction goes as expected 
in that with increasing hole concentration (addition of Li 2 0) the activa¬ 
tion energy is reduced. This agrees with the scheme: 

2CO + Ni ++ —> 2CO + + Ni (Rate Determining Step) 

Ni -> Ni ++ + 2e" 

2 c" + 2CO + + 0 2 -> 2C0 2 

since increasing the hole concentration increases the concentration of 
Ni ++ ions. However, one might then expect that the addition of Li 2 0 
would also increase the reaction rate on ZnO as a result of the reduction 
in the electron concentration. The results in Figure 16.11 show that the 
opposite is true. This is interpreted by the authors 60 as indicating a differ¬ 
ent rate determining step, namely the chemisorption of oxygen where 
the oxygen is an electron acceptor. This view is supported by the kinetics 
of the process. The same reaction was examined by Parravano, 61 who a: 
much lower temperatures obtained exactly opposite results. This could 
explained as being due to the adsorption of oxygen on his surfaces which 
would change the electron concentration in the surface reaction region 
Similar correlations between doping and catalytic activity have been 



Figure 16.10. Variation of the activation energy with doping for the CO oxidati:* 
reaction on NiO. (.After Schwab . 154 ) 
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Figure 16.11. Variation of the activation energy for the catalytic oxidation of CO 
on ZnO doped with Ga or Li. (After Schwab . 154 ) 

reported by Hauffe et al.* 2 for the N 2 0 decomposition on the NiO-Li 2 0 
system, Block and Chon 63 for the oxidation of CO on CoO and Schwab et 
a/. 64 for the CO oxidation on various mixed oxides. 

In investigations of these types it is therefore necessary to postulate a 
mechanism and then decide which step is rate determining, this latter 
factor can usually be decided, for reactions such as the oxidation of CO, 
by the pressure dependence of the rate constant. Obviously this quantity 
may be dependent on either the oxygen pressure or the carbon monoxide 
pressure, depending on which species is chemisorbed fastest, h or example, 
if the adsorption of oxygen were rapid, one would expect to find a rate 
that was independent of oxygen pressure but depended on the carbon 
monoxide pressure. This would then affect the expected change of reaction 
rate with catalyst doping. A slow oxygen adsorption should give a re¬ 
action rate which increased with increasing electron concentration (or 
decreasing hole concentration) of the catalyst while a slow carbon monoxide 
adsorption should give a rate which is affected in the opposite direction 
by the catalyst impurity concentration. As described above, such effects 
have been found experimentally. 

All the results described above were obtained on oxide catalysts which 
were single carrier semiconductors. By this we mean that any sample was 
always p- or n-type and only the carrier concentration could be changed 
by doping. In the case of elemental semiconductors such as germanium 
or silicon the possibility exists of examining their catalytic properties for 
both n- and p-type materials. This has the obvious advantage that a 
reaction may be studied on a single chemical substrate while either elec¬ 
trons or holes are present in excess. For oxides, on the other hand, it is 
necessary to change from one oxide to another in going from n- to p-type. 
Very little work has been carried out on these systems. Penzkofer 65 studied 
the dehydrogenation of formic acid vapor on p- and n-type germanium. 
It was found that the reaction proceeded on both conductivity types but 
that for freshly etched surfaces the activation energy was less (32 kcal/mole) 
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for p-type than lor n-type (40 kcal/mole) as should be the case for donor 
reactions, the value ol 40 kcal/mole is comparable to the activation 
energy for this reaction on alkali halides. 

Further results have been reported by Krawczynski 66 for the hydrogena- 
tion ol ethylene. Forp-type germanium doped with Ga (10 18 atom cm - * 
or In (10 20 atom cm 3 ), the reaction begins near 100°C and increases in 
rate very rapidly near 400°C. For either intrinsic or n-type germanium 
on the other hand, the reaction does not become appreciable below 380 : C 
These results are shown in Figure 16.12. The activation energy is found t» 
be 22 kcal/mole for n-type and 3 to 6 kcal/mole for p-type. Similar work 
on silicon gave activation energies of 11 and 5 kcal/mole respectively. 

If, as already discussed, the catalytic activity of a semiconducti: « 
catalyst is influenced by its electronic state, some relation should exis; 
between the activity and the electrical conductivity of the semiconductor 
We may distinguish between two types of such work. The first attempts 
to relate the conductivity of the base material to its catalytic properties 
while the second relates simultaneous changes in conductivity during tbs 
course of a reaction on a semiconductor surface with the yield obtained. 

We discussed above how the rate of a reaction was influenced by xl- 
doping of the catalyst crystal. Obviously, the doping will also change tb- 
electrical conductivity of the crystal so a parallelism must exist between 
these two quantities. This parallelism will only exist when variations 
conductivity and reaction rate are due to the same factor, for example, t~-j* 
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variation of impurity concentration. No such relation should exist, of 
course, if a series of chemically different semiconductors are compared. 
Keier, Roginski and Sazanova 67 studied both the electrical conductivity 
and the rate of the reaction CO + |0 2 —> C0 2 on NiO doped with Li 2 0. 
They found that increasing the lithium concentration increased the elec¬ 
trical conductivity and at the same time decreased the rate of the above 
reaction. This is in agreement with the reaction rate data reported by 
Schwab and Block. 60 

The second group of experiments measure both the conductivity and 
catalytic activity during the course of a reaction. Hence the electrical 
conductivity change measured is a result of the reaction itself and may 
possibly arise from two different causes. 

In the course of the reaction, the concentration of adsorbed reacting 
molecules changes relative to the concentration of reaction product mole¬ 
cules. The coverage due to the reaction products steadily increases so 
that the nature of the adsorbed gas changes. This in turn produces a change 
in the measured electrical conductivity as a result of the changing adsorp¬ 
tion bond character, as would be expected for example from the boundary 
layer theory. 

Another reason for the change in conductivity consists of a change in 
the chemical composition of the catalyst itself rather than a change in the 
composition of the adsorbed gas. For example, some solid oxides are re¬ 
duced during the course of a reaction. Matveev and Boreskov 68 investigated 
the dissociation of methyl alcohol on zinc oxide, 

CH 3 OH —> CO + 2H 2 . 

During the course of the reaction the electrical conductivity of the ZnO 
increased and by the temperature coefficient of the conductivity, the 
crystal was shown to have become metallic in character. This reduction 
of the oxide to zinc by means of the methyl alcohol produced a large in¬ 
crease in the reaction rate (sometimes as high as a factor of 10 3 ). Various 
specimens prepared in different ways showed wide variations both with 
respect to conductivity changes as well as catalytic activity. These changes 
in electrical conductivity resulting from a change in the chemical com¬ 
position of the catalyst were irreversible. Similar data have been reported 69 
for the dehydrogenation of isopropyl alcohol on the same catalyst. 

Simultaneous measurements of catalytic yield and electrical conductivity 
have been reported by Bielanski et al.‘° during the dehydrogenation of 
ethyl alcohol on several oxides (ZnO, Fe 2 0 3 , Cr 2 0 3 , MgO and NiO) where 
neither of the above two effects are operative. They found that the con¬ 
ductivity changed abruptly after admission of the alcohol vapor (at 400°C). 
For n-type oxides the conductivity increased, while for p-type materials 


702 


SEMICONDUCTORS 



Figure 16.13. Effect of temperature on the conductivity of a ZnO + Fe 203 catalyse 
and the yield of CH 3 CHO from the dehydrogenation of C 2 H 5 OH. (After Bielansti. 
Deren and Haber? 0 ) 

the reverse occurred. In these cases the original conductivity could be 
restored by removing the alcohol vapor by pumping so that the change?^ 
presumably correspond to differences in the adsorbed phase. In Figure 
16.13 the catalytic yield and the change in conductivity on admission of 
the vapor are plotted as a function of temperature for the catalyst ZnO — 
Fe 2 03 . A striking correlation exists between the two sets of data. The 

70 

authors suggest that this means that the catalytic yield and the con¬ 
ductivity change are functions only of the number of chemisorbed mole¬ 
cules, presumably as the result of an electron exchange process. 

The data discussed in this section show fairly conclusively that catalyti e 
reactions on semiconductors are closely connected with the electron con¬ 
centration of the semiconductor. In some ways the agreement is remarkable 
as it assumes that the bulk properties (e.g., band edges) are essentially 
constant right up to the surface. This may be true for oxidic semicoo- 
ductors but the situation is more complicated for two carrier systems such 
as germanium or silicon. 

Photocatalysis on Semiconductors 

If, the reaction rate at a semiconductor surface is a function of the 
carrier type and concentration, it should be possible to change the rate by 
illumination. We have previously seen that the extent of adsorption ct*xi 
be modified in this way. Very few data have been reported for this tyr^ 
of experiment. Hnojevig' 1 showed that pure ZnO decomposed hydroge* 
peroxide under illumination with white light while it was quite inactive 
in the dark. Brattain and Garrett 72 studied the anodic oxidation of ger¬ 
manium and found that the photoeffect was much greater for n-type thiz 
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for p-type. This suggests that the reaction rate is controlled by the hole 
concentration since illumination will change the minority carrier concen¬ 
tration by the greater factor. This method of changing the carrier con¬ 
centration should prove particularly fruitful in future experiments. 

ELECTRICAL PROPERTIES OF SEMICONDUCTOR SURFACES 
General Remarks 

We will now consider in turn the principal electrical measurements 
that have been carried out on semiconductor surfaces. Ideally one would 
like to start with an atomically clean surface and make measurements 
before and after the admission of a single gas so that only a two-component 
system need be considered. By making adsorption measurements of vari¬ 
ous gases on such a clean surface, and also studying the effects of these 
same gases (possibly over a temperature and pressure range) on the elec¬ 
trical properties of the semiconductor, it should be possible to obtain a 
quantitative picture of the energy levels produced by adsorption together 
with the induced changes in surface potential. If the surface is not initially 
clean, there must be complications due to the presence of such things as 
oxide films. It is doubtful if clean surfaces have ever been obtained for 
compound semiconductors such as oxides, sulfides, etc. In fact, it is difficult 
to conceive of a treatment that would remove all contaminating material 
and still leave a crystal of stoichiometric composition right up to the 
solid-vacuum interface. The position is a little simpler for elemental semi¬ 
conductors such as germanium and silicon. With modern vacuum tech¬ 
niques 73 it is possible to reach pressures as low as 10 -1 ° to 10 ~ n mm of Hg 
so that once a surface has been cleaned, the rate of contamination by the 
residual background gas is less than 10 11 molecules cm 2 sec -1 (or 10 -4 mono- 
layers sec -1 ). The three cleaning treatments that have been tried are (a) 
heating near the melting point, 28 ’ 74 (b) positive ion bombardment followed 
by annealing/ 4, 7o and (c) cleaving the crystal in high vacuum. 7551 In a 
study of the adsorption of various gases on germanium, Law 74 tried the 
first two and found no difference between them. On the other hand Farns- 

i 75 * 

worth and co-workers' 0 have reported that treatment (b) is more successful 
than (a). Whether both are equally efficient is unimportant, as (a) can¬ 
not be used if the body electrical properties are to remain constant. The 
high temperatures needed to clean the surface always produce large changes 
in both the conductivity and lifetime of the sample whenever any cutting 
or cleaning operations have been performed on a grown crystal. Recently 
it has been shown' ob that heated silicon samples always have a p-type' 
chemical layer on the surface which extends several microns into the bulk. 
The origin of this heavily doped layer (about 10 18 to 10 19 acceptors per cm 3 ) 
has not been established. The work on cleaved surfaces is at present only 
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fragmentary but it should be of value in complementing studies on bom¬ 
barded surfaces. 

It is quite difficult to demonstrate that a particular surface is atomically 
clean. By means of low-energy electron diffraction patterns that refer only 
to the surface layer, Schlier and Farnsworth 76 claim to have shown that 
ion-bombarded germanium surfaces are clean. This information is par¬ 
ticularly valuable as it is one of the few direct tests available. After suit¬ 
able degassing and ion bombarding, the (100) face of a germanium crystal 
showed diffraction beams that corresponded to the normal lattice spacing 
of this face. In addition to these, half-integral order beams were found which 
were interpreted as due to the displacement of the surface atoms from their 
normal lattice positions in such a way that adjacent rows of atoms lying 
m the [111] direction are moved in opposite directions along the surface in 
the perpendicular [110] directions although other interpretations involving 
adsorption have also been proposed. 76 After the adsorption of oxygen, the 
half-order beams disappear presumably due to a restoration of the’ger¬ 
manium atoms to their normal sites. Hagstrum 77 has studied a silicon 
surface by means of the surface Auger effect. This measurement corresponds 
to a determination of the number and energy distribution of the electron- 
ejected when a positively charged ion is neutralized at a surface and is very 
sensitive to surface contamination. He finds that by heating the sample 
to about 1600°K, data are obtained that are consistent with the picture 
of a clean surface. If the surface is then allowed to adsorb a monolayer of 
oxygen, both the number of ejected electrons and their energy distribution 
are markedly changed. The original state can then be restored at much 
lower temperatures. The high temperatures initially required are in sub¬ 
stantial agreement with the values reported by Law 48 for the removal of - 
thick oxide film. There is, therefore, reason to believe that silicon and ger¬ 
manium surfaces can be prepared in high vacuums in an atomically clear: 

condition. Unfortunately, very few electrical measurements have beer 
made on these well defined systems. 

ELECTRICAL MEASUREMENTS ON CLEAN SURFACES 

Work Function. The first attempt to measure the work function of i 
germanium surface cleaned in high vacuum was reported by Apker, T..- 

and Dickey. These workers investigated a (111) plane cleaned by hi- 
temperature heating and also an evaporated film of germanium. All tie 
sampies used were p-type and gave values of the work function measure 
photoelectncally ranging from 4.66 to 4.80 ev, but nearly all lying witfaa * 
few hundredths of a volt of the latter value. More recently, Dillon 
Farnsworth measured the work function of an intrinsic germanium* l« 
crystal face after prolonged outgassing, ion bombardment and anneal:-- 
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and obtained a value of 4.78 ev. Similar values were obtained for the (110) 
and (111) plane and also for n-type samples doped to resistivities as low 

as 0.6 ohm cm. 

The two most interesting features of the above data are (a) the small 
variation between crystal faces as compared with tungsten, for example, 
which shows differences as large as 0.7 ev between crystal faces, and (b) 
the almost negligible effect of changes in the position of the bulk Fermi 
level, since variations in either temperature or in the doping concentration 
should produce changes in the bulk Fermi level <ho and therefore lead to 
changes in the work function. In both the temperature 80 and doping experi¬ 
ments the measured change in work function was much less than what 
would have been predicted from the change in <t> 0 . The experimental results 
imply that for some reason the Fermi level at the surface is “clamped” 
with respect to the top of the barrier. This could be the result of a high 
density of surface states located near the Fermi level at the surface. We 
will see later that the same thing is true for contaminated surfaces which 
have been considered by Bardeen. 7 

The only systematic study of the effect of adsorbed gases on the work 
function of germanium was reported by Dillon and Farnsworth, 79 who in¬ 
vestigated oxygen, hydrogen, carbon monoxide and carbon dioxide. Their 
results are shown in Table 16.1. 

Their results suggest that the adsorption of a monolayer of oxygen gives 
rise to an increase of work function of 0.20 ev and that this is followed by 
the formation of a more loosely bound layer, leading to a slightly lower 
work function. 

In all the samples studied, Dillon and Farnsworth could remove the first 
monolayer of oxygen as indicated by a restoration of the work function to 
4.78 ev, by heating the sample to 500°C for 15 minutes in vacuum. This is 
somewhat surprising as Green et al.' 3 have reported a heat of adsorption 
of the germanium-oxygen system varying from 250 kcal/mole at 6 = 0 
to 150 kcal/mole at 6 = 1. These measurements have been repeated by 
Brennan and Hayward 808 on evaporated germanium films and AH values 
from 130 kcal/mole at 0 = 0 to 75 kcal/mole at 9 = 1 obtained. These 
workers also studied the Si-0 2 system and found the heats of adsorption 

Table 16.1. Effect of Adsorption on the Work Function of Germanium (100) 


Gas 

Equilibrium Adsorption 

Pressure X Time 
(mm. min.) 

W. F. Change 

0 2 

5 X 10~ 6 

+0.20 ev 

h 2 

2.5 X 10~ 2 

— 0.30 ev 

n 2 

3.6 X 10-2 

—0.04 ev 

CO 

2.0 X 10-2 

+0.11 ev 

CO 2 

7 X 10" 5 

No change 
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to be about twice as large as those obtained on germanium. It is possible, 
however, that the observed regeneration involves the evaporation of GeO 
rather than the desorption of oxygen since the evaporation rate 46 of GeO 
is sufficiently high to account for this if its vapor pressure at the surface 
is approximately the same as that reported 81 for bulk GeO. 

Dillon and Farnsworth also presented some interesting comparisons 
between the work function and the photoelectric threshold of a germanium 
surface before and after cleaning and after the adsorption of monolayer of 
oxygen. Unlike the work function which measures an energy difference 
between the Fermi level and the top of the barrier, the photoelectric thresh¬ 
old probably measures the distance from the top of the valence band to 
the barrier. This assumes that photoemission from the semiconductor at 
the threshold originates at the top of the valence band. 82,83 It is possible 
that if the density of surface states is high, the observed emission could 
originate from them. In Figure 16.14 the band structure at the surface of a 
(110) plane is shown for the three cases of (a) dirty surface, (b) clean 




Figure 16.14. The energy band structure at a germanium surface as deduced fr a 
work function and photoelectric threshold measurements. 79 (a) dirty surface. *j 
clean surface, (c) oxygenated surface. 
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Figure 16.15. Variation of conductance and surface recombination velocity of a 
cleaned germanium surface with oxygen pressure. (After Law and Garrett . 86 ) 

surface and (c) oxygenated surface assuming the emission originates at 
the valence band edge. These show that the n-type sample has an n-type 
surface in condition (a), a degenerate surface in (b) and quite strongly p- 
p -type surface in (c). They also indicate (because the value of x is fixed) 
the existence of a variable external barrier V D as shown. This may possibly 
have a zero value in condition (b) but must be finite (~0.3 ev) for the 
other two cases. Obviously, further simultaneous measurements of work 
function and photoelectric threshold should provide much useful informa¬ 
tion. 

Surface Conductance, Surface Recombination and Field Effect. 

The surface conductance of clean germanium surfaces has been measured 
by Autler, 84 Law and Garrett, 85 and Handler. 86 All essentially agree on 
both the value of the conductance and its variation with oxygen pressure. 
A typical set of data from the paper by Law and Garrett 86 is shown in 
Figure 16.15. At low oxygen pressures the conductance increases slightly 
and after passing through a maximum at p< :>2 ~ 10 6 decreases steadily up 
to pressures near 10' 3 mm. Beyond this, little if any further change occurs. 
The total change in surface conductance is about 2 X 10 4 mhos per square. 
One can calculate a value of T from the equation 

A G = Tqn ef f (16.26) 

where T is the surface excess of charge carriers as defined on p. 683, and 
Me// is the surface mobility. If a mobility of 10 3 cm 2 voir 1 sec -1 is assumed, 
this gives a change in T during the adsorption process of about 10 12 cmf 2 . 
From Eqs. (16.11) and (16.12) it is then possible to calculate what change 
in surface potential is required to produce this change in carrier concentra¬ 
tion. It is found that a considerable bending of the energy bands at the 
surface must occur with a change in surface potential equal to about 0.25 
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ev. This implies that if the surface is initially degenerate, as indicated by 

the photoelectric results discussed above, its final state is almost intrinsic. 

These remarks all apply to the decrease in conductance at higher oxygen 
pressures. 

The surface recombination velocity of a cleaned germanium surface in 
vacuum has been measured by Madden, 87 Wallis, 88 Autler 84 and Law and 
Garrett. 85 Madden found that if the crystal were annealed in vacuum for 
over 20 hours at 750°C, no change in the recombination velocity (s) occurred 
when oxygen was admitted at room temperature. His value of s for a clean 
surface was 250 cm sec -1 . The other three authors have reported increases 
in s after the adsorption of oxygen (see Figure 16.15); however, all their 
samples were annealed for much shorter times and at temperatures near 
500°C. Wallis tried high temperature annealing and found results in 
substantial agreement with those of Madden. 87 

The field effect mobility (see p. 716) of a cleaned surface shows p-tvpe 
conduction at the surface 84,86 independent of the bulk conductivity type 
in agreement with the photoelectric threshold measurements described 
above. When oxygen is admitted at a pressure of 1CT 7 mm Hg, the field 
effect mobility increases from about 20-50 cm 2 volt -1 sec -1 for a clean sur¬ 
face to about 200 cm 2 volt -1 sec -1 . After passing through a maximum which 
occurs at a somewhat higher oxygen pressure than the conductivity maxi¬ 
mum, the field effect mobility falls to about 100 cm 2 volt -1 sec -1 . Autler" 
has reported mobilities higher by a factor of 3 than the above figures and 
found that they are constant over the frequency range 100 to 1000 c.p.s 
Wallis 88 has also observed mobilities as high as 350 cm 2 volt -1 sec -1 for & 
cleaned surface. 

Using the technique developed by Zemel and Petritz, 12 Missman and 
Handler measured the Hall mobility of holes in the space charge regmr. 
of a bombardment cleaned germanium sample. The observed changes in 
mobility after the admission of oxygen were in accord with the conductivity 
changes previously described. As the surface conductivity increased, tbf 
Hall mobility decreased and after longer exposures to oxygen the con¬ 
ductivity decreased and the Hall mobility increased. The observed c- 

pendence of the Hall surface mobility on surface potential agreed with the 
diffuse scattering model of Schrieffer. 10 

The observed changes of conductance, surface recombination velocity 
and Hall mobility in the presence of oxygen were irreversible, i.e., just 
lowering the oxygen pressure by pumping produced no change, but 
could be returned to the clean surface value by heating to 500°C in vacuum. 
This is in agreement with Dillon and Farnsworth’s data 79 on the work func¬ 
tion which could be reversed by a similar treatment. 

Summary and Conclusions. The field effect and work function meas¬ 
urements show that a bombarded and annealed germanium surface - 
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strongly p-type. The photoelectric threshold data, in fact, indicate that it is 
degenerate with the Fermi level below the top of the valence band. The re¬ 
ported effects of oxygen for which an explanation is necessary are: 

1. The work function increases at low pressures, while at high pressures 
(10 -4 mm Hg) it decreases slightly. 

2. The photoelectric threshold also increases in the presence of oxygen. 

3. The surface conductivity increases at low pressures but above 10 -6 
mm Hg decreases steadily as a function of oxygen pressure. 

4. The surface recombination velocity is independent of oxygen pressure 
below 1CT 6 mm Hg and possibly increases above this region. 

5. The field effect mobility increases until pressures near 1CT 6 mm Hg 
are reached and then decreases, while the Hall mobility behaves in exactly 
the opposite way. 

Results (1) and (2) indicate that one starts with a degenerate surface 
(Figure 16.5b) and that with the addition of oxygen, the energy bands 
bend down. This means that in the presence of oxygen the internal barrier 
(across the space-charge region) decreases but at the same time the external 
barrier (across the adsorbed phase) increases. This should correspond to a 
decreased conductivity and when Missman and Handler’s data on mobility 
are considered it is impossible to explain the observed increase in conduc¬ 
tivity at low oxygen pressures as being due to a mobility which increases 
more rapidly than the carrier density decreases and hence gives an in¬ 
creased product I>. In fact, the data of Missman and Handler require that 
at low oxygen pressures the energy bands bend up and at higher pressures 
(above the conductivity maximum) they bend down. This would imply that 
the work function and photoelectric threshold observations only apply 
after the maximum in conductance is reached, but it is difficult to see why 
no corresponding work function and threshold changes are found at pres¬ 
sures below those required to reach this point. The small decrease in work 
function at high oxygen pressures cannot be correlated with any electrical 
measurements as it is reversible with respect to pressure and the latter 
are not. No explanation for the surface recombination velocity results has 
been suggested, but the insensitivity of this quantity to the adsorption of a 
monolayer of oxygen may indicate the absence of Tamm states as these 
should be drastically affected by adsorption in the monolayer region. 

The results discussed in this section show the need for more data on clean 
semiconductor surfaces before any model can be proposed with confidence. 

Electrical Measurements on Etched Surfaces of Elemental Semi¬ 
conductors 

In contrast to the few measurements reported above for vacuum cleaned 
surfaces, a vast amount of data has been obtained on germanium and 
silicon surfaces in air. These have normally been prepared by an etching 
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technique using a mixture of hydrofluoric acid and nitric acid. Thus, before 

any measurements can be made on such a surface it is covered with at least 

a monolayer of oxygen. This can be readily shown by the times required for 

the completion of this process when a clean surface is exposed to quite low 

oxygen pressures. Green 49 found that the formation of a monolayer was 

essentially instantaneous on germanium and Law 63 obtained similar results 

on silicon. However, in addition to the oxygen (and water) which must be 

present, a considerable number of foreign ions 89 ' 90 (such as Na + , K + , CF. 

etc.) are also left on the surface by the etching process. Therefore, data oF 

tamed on such surfaces are much more difficult to interpret than results 
obtained on a simple two component system. 

Measurements reported on compound semiconductors (e.g., ZnO) prob¬ 
ably fall in an intermediate class with respect to the complexity of the sys¬ 
tem. These are not normally prepared by etching but the stoichiometry of 
the crystal may vary in the surface region. An additional difficulty in much 
of the work so far reported has lain in the use of powders rather than single 
crystals. When the conductivity of a powder is measured, the largest single 
effect may well be attributed to the point of particle-particle contact. Re¬ 
cently, data have been obtained on single crystals of ZnO which obviate 
this difficulty. 


We shall start by discussing the properties of elemental or two carrier 

semiconductors and follow this by an account of the compound or single 
carrier type. 

Surface Conductance, the surface conductance of germanium or 
silicon may be measured by using a thin slice of material so that changes 
in the conductance of the surface are a reasonable fraction of the total 
sample conductance. To eliminate possible errors at the contacts, it is 
usual to use a four-point measuring system in which the current passes 
through the two end contacts and the potential drop is measured (in a zero 
current circuit) between two side arms. Measurement of the conductance 
as a function of surface treatment then theoretically gives a direct measure 
of F since the density of holes and electrons in the space charge region is s 
unique function of F and F (see p. 684). In actual practice, one only meas¬ 
ures a change in conductance; however, if the surface treatment is varied 
such that F, moves over a wide enough range, a minimum in conductance 
will be found which may be used as a reference point. The reason for ti* 
existence of the minimum is simply that with extreme values of surface 
potential in the positive and negative directions, the surface is either very 
w-type or p-type and has a large conductance. In an intermediate ranee 
the conductance must pass through a minimum, and the position of this 
can be shown 1 to be at a surface potential Y = In (X 2 /fc), where b is tie 
ratio of electron to hole mobility. In Figure 16.16 the surface conductance 
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Figure 16.16. Room temperature surface conductance as a function of surface po¬ 
tential <t >,, for various values of bulk impurity density. (After Schneffer}°) 

is plotted as a function of 4>, (after Schrieffer 10 ) taking into account the re¬ 
duction of carrier mobility in the surface potential well. 

The first reported measurements of the surface conductance of germa¬ 
nium were carried out by Clarke, 91 who measured the change in conductance 
of a thin slice before and after exposure to oxygen. At 197°K he found 
changes of the order of 100 pmhos per square at an oxygen pressure ol 0.3 
mm Hg. Clarke and Hopkins 92 also studied the effect of mechanically 
damaging surfaces (e.g., sand blasting) where the concentration of ac¬ 
ceptors introduced was about 10 13 cm 2 . A similar investigation of the effect 
of surface mechanical damage has been carried out by Buck and McKim, 
who used the surface recombination velocity before and after controlled 
etching to determine the depth of damage produced by various treatments 

Measurements of conductance over a wide range of surface potentia 
have been reported by Morrison 94 and by Bardeen and Morrison. Ihey 
varied the value of «h 5 by changing the gas ambient from ozone to oxygen 
and then to water vapor (the Brattain-Bardeen cycle ). By repeating cycles 
of this nature, reproducible changes are obtained in the electrical proper¬ 
ties of the sample. The changes in the value of <J>., produced were about 
±0.2 ev and corresponded to an n-type surface at the water extreme and o 

a p-type surface in ozone. 

A number of studies of surface conductance have been carried out on 
n- V -n and p-n-p transistors. Brown 97 in 1953 investigated the anomalous 
conduction path between the two n-type regions of an n-p-n transistor 
under conditions of reverse bias. This phenomenon (termed “channeling ) 
was found to be the result of an n-type surface layer on the p-type base 
material in the presence of water vapor. The potential energy of electrons 
in such a structure is shown in Figure 16.17, where it is apparent that an 
induced p-n junction exists between the surface and bulk of the normally 
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Figure 16.17. Potential energy of electrons in an n-p-n structure showing channel. 
(After Brown. 97 ) 

p-type region. Since this junction has a high impedance it is possible to 
measure the conductance of the thin surface n-type region by passing a 
small current between the two ends of the structure. From measurements 
of the channel conductance as a function of applied bias it is possible to 
calculate the surface potential, the number of surface charges present 
and their variation with applied voltage. Typical values of charge 98 range 
from 10 10 to 10 12 cm -2 . The origin of these positive charges required to pro¬ 
duce the inversion region could be, as proposed by Brown; 97 either the ac¬ 
cumulation of ions over the p-type region resulting from the electric field 
at the junctions; or the ionization of neutral impurities at the surface due 
to the departure from equilibrium of the underlying semiconductor. Simi¬ 
lar studies on p-n-p structures by deMars et al ." indicate that <t> s is es¬ 
sentially independent of the applied voltage but that the number of surface 
charges varies drastically in the range 10 10 to 5 X 10 11 cm~ 2 . 

From measurements of the conductance of the w-type channel across 
an n-p-n structure, Kingston 100 calculated the value of <f> s as a function of 
the partial pressure of water vapor to which the surface was exposed. The 
bulk of the change in <t> s occurred at humidities below 40 per cent. By com¬ 
bining these data with the adsorption isotherm for water on germanium.^ 7 
one obtains a curve of <t> s versus film thickness in which most of the change 
in 4> s occurs in the 1-2 layer region. Using a simple model, Hutson 1 ' 1 h&r 
calculated the change in surface potential with film thickness using the di¬ 
electric properties of the film, and obtained remarkable agreement wit:. 
Kingston’s data. 

In addition to these steady-state conductance measurements, a num:*: 
of investigations of transient effects have been reported. When the bias vok- 
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age on an n-p-n or p-n-p structure is suddenly changed, the channel con¬ 
ductance shows a time dependence. This can be readily understood if slow 
surface states are present as a finite time is required to transfer charge to 01 
from the states after a voltage change. Under steady-state conditions, the 
surface state charge increases continuously with increasing bias voltage, so 
when the voltage is suddenly increased, charge must flow from the ger¬ 
manium into the surface states and the time constant for this process can 
be measured. Immediately after a voltage change only the charge in the 
fast states is in equilibrium so that in this way the slow and fast states can 
be separated. Statz et al. conclude that for germanium" the number of 
fast states is 5 X 10 10 to 1.2 X 10 11 cm' 2 located 0.14 ev below the middle 
of the gap, and for silicon, 102 1.4 X 10 12 cm 2 located 0.45 ev below the mid¬ 
dle of the gap (see Table 16.2). 

One aspect of surface conduction which is of practical importance is the 
origin of the excess reverse currents obtained when p-n junctions are ex¬ 
posed to water vapor. Three possible mechanisms have been proposed and 
it is likely that no single one is capable of explaining all the observed effects 


in germanium. The proposed mechanism are: 

f ™ , 1 j • 97, 103, 104, 105, 106, 107 

1. Channel conduction. 

ii , 105, 107, 108 

2. Ionic conduction in the water him. 

3. Hole conduction in the water film. 10 

In the case of silicon 105 all the excess current could be attributed to 
channel conduction and the lack of an ionic component was ascribed to 
the presence of an oxide layer across the surface which essentially isolated 

the water film from the underlying semiconductor. 

Surface Breakdown. In the limiting case, excess current becomes 

surface breakdown. McKay and McAfee 110 showed that when the surface 
is not the controlling factor, the breakdown of a reverse biased p-n junc¬ 
tion occurs in the vicinity of the space-charge region and is due to an 
avalanche process. In practice many junctions break down at a voltage 
lower than that required for body breakdown and the voltage is sensitive 
to surface treatment. Device experiments have established ceitain em- 


con- 


pirical rules concerning this phenomenon. Garrett and Brattain 
eluded that the breakdown was an avalanche process which set in first at a 
particular spot, and they put forward a one-dimensional theory which 

satisfactorily explained their observations. 

Surface Recombination Velocity. The surface recombination velocity 

of excess minority carriers is defined by 


s = J/Ap 


(16.27) 


where J is the recombination current in hole-electron pairs per unit area 
of surface per unit time and Ap (or An) is the excess minority carrier density 
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fin 1 ®;! 8 ' SurfaCe reROmb, ' latKm velocit y as a function of * s . (After Stevenson 


and Keyes , 114 ) 


a the surface just inside the space charge layer where 4 = 4* The auan 
tity s is measured by observing the decay time of a pulse of light injected 
carriers in a thin specimen. By making a similar measurement on a thick 

surface effect^ t0 ******* recombination P^ess from the 

Stevenson and Keyes 114 have treated the recombination process ir 
ol states at one discrete energy level. Then 


term' 


CpC n N t (po + n 0 )[c n (n s + n st ) + Cp (p s + p si )] 


-1 


( 16.28 




where c p and c n are the capture probabilities per state, equal to the product 

cLSr T C r the thermal Velocity ’ V* and are the free 

carrier densities at the surface and p sl and n sl are the surface densities if 
the Fermi level passes through the state. In Figure 16.18 the quantity * 
is Plotted against 4 for cases where the state energy E t is greater than 

* * recombmat ion velocity is only sensitive to the value of $ at the 
two extremes of the curve, when the principal cause is the decrease in the 
concentration p or n . In a given ambient (i.e., presumably at a fixed 

4* tbe va ” e ° f s 18 stron Sly dependent on whether the surface has been 
mechanically damaged or not. Values of s range from 10 4 cm/sec for a 

sandblasted surface down to about 50 cm/sec for certain chemically etched 
^ Ge and Sl ’ as a resuIt of the variation in the total number of 

ou^Btr^" <£ the variation of « with ambient was carried 
out by Brattam and Bardeen who found that its value was independent 

of the ambient. More recently, data have been obtained which show that 

* may vary by a factor of two to ten 114 ’ 116 in the Brattain-Bardeen cycle of 
gaseous ambients This variation is interpreted as due to the variation in 

4 S while the number of recombination centers remains practically constant 

(i.e., their occupancy varies). The best evidence for the number and pod- 
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tion in energy of the recombination centers probably comes from field 

effect experiments which are described in the next section. 

Attempts have been made to determine the energy of the traps by 
measurements of the temperature coefficient of s, 114 ' ' but these have 

not been too successful since the variation of with temperature compli¬ 
cates the interpretation of the data. Schultz 118 found that the variation in 
s with bulk resistivity essentially follows the (p 0 + «o) term in Stevenson 

- TT • 114 

and Keyes expression. „ ,, 

Field Effect Measurements and Fast and Slow States, ihe lieia 

effect is the variation in the conductance of a sample produced by a capaci- 
tatively applied field normal to the surface. Hence, this gives one a means 
of varying <F, without changing the ambient, so that the occupancy of 
surface states for example can be changed without changing their number 
(assuming no field-induced adsorption or desorption ). The earliest suc¬ 
cessful experiment of this type was carried out by Shockley and Pearson 
in 1948. They measured the change in conductance of evaporated films of 
germanium and also Cu 2 0 films as a function of the electric field applied 
normal to the surface. From the applied field it is possible to calculate the 
induced charge on the surface and also the conductance change if all t e 
charge is present as mobile carriers. They found a A G only one-tenth of 
the calculated value, and this led Bardeen 7 to postulate the existence of 

surface states in which the induced charge could be trapped. 

From experiments of this nature it is possible to determine the surface 

potential and obtain information concerning the distribution of charge 
in the surface states. As we have already seen, if the surface potential is 
varied sufficiently widely, the conductance shows a minimum. It is not 
always possible to reach the minimum by either a gas cycle or field varia¬ 
tion alone but one can always use a combination of the two so that this 
region can be investigated. The minimum in conductance is a unique 
point which is independent of any immobile surface charge. Hence, as 
Brown 121 has shown, one can correlate calculated and experimental con¬ 
ductance versus charge curves. . _ , 

The total charge on the semiconductor per unit area is 2 r - nb/lT 

where 8 is the applied field. The value of 2 r is made up to two terms 
2 r = S 8C + 2 SS where 2 SC is the charge in the space-charge region and 

2 SS is the charge in the surface states, assumed to be immobile. The con¬ 
ductance of the sample depends on 2 SC and one can calculate the dependence 
(see p. 684). Such a curve is shown in Figure 16.19 together with an experi¬ 
mental curve for a high resistivity p-type sample. The abscissa is 2 SC for 
the calculated curve and 2 r for the experimental curve. Since the minimum 
conductance has a unique value, the experimental curve has been adjusted 
vertically so that the minima coincide. Now the difference in abscissa be- 
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Figure 16.19. Theoretical dependence of surface conductance on space charge ar - 
experimentally determined dependence on total charge Indicated on thp th* ^ +• i 
curve are values of Y the surface potential in units 

tween the two curves at a given Atr is just equal to 2,, as a function of Y 
I rom curves of 2», as a function of Y, Montgomery and Brown 122 calculated 
that fast surface states are present in a density of 10 11 X 10 12 cm -2 vnlt~ ; 

near the middle o, the gap and an even target density located more °L 
01 ev away from the middle in both directions. The slope d(AG) /<r, 
of the experimental curve shown in Figure 16.19 has the dimensions of 
mobility (cm- volt sec *) and is defined as the “field effect mobility.” 

in adclltion to nr _ l , . ^ 


fiftl i , 1 . " . Munii&sa pruuucea Dy an appliec 

field, a number of workers™ have investigated the change in surfa< 

recombination velocity occurring at the same time. This gives one a meat 

of determining the dependence of s on $ s when the density of fast stab 
IS kept constant. Qimha™™-+ , . uu 


been 
more 
sum- 
dis- 


. - ,wiiuuo wuijvcie. iur numoers and cl 

“ 10 J m l of the fast sta tes is shown in the Table 16.2 belov 
eluded in this table are values of the ratio of the capture probabilities fc 

holes and electrons ( Cj ,/ Cn ). Essentially all workers agree that there are 

set or star ,ps nmt.o nlna** n 


approxi- 
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mately 10 cm and a greater number of states near both the valence a 
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the center of the gap were uniformly distributed while other workers hai 
Dronosen msprpfo loirdo Tr __ r _• i 


im- 


SEMICONDUCTOR SURFACES 


717 


Table 16.2. Fast State Densities and Distribution on Germanium and Silicon 

and Ratio of Hole/Electron Capture Probabilities 




Method 

States far from center of gap 

States near center of gap 


Element 

Ref. 

Density 

Energy 

(E t - Ei)/kT 

Density 

Energy 

(E t - Ei)/kT 

Ge 

122 

Field 

effect 

~10 12 

CO 

1 

V 

•N 

GO 

A 

10 11 

+i -i 


Ge 

126 

Field 

effect 


V 

A 

1 

~10 n 

+4 -1 

30 

Ge 

129 

Field 

effect 


>6, <— 5 

4.10 10 

+4 -1.5 

9 

Ge 

Ge 

131 

115 

Field 

effect 

Field 

effect 

— 

< — 5 

Uniform 

Distri¬ 

bution* 


150 

Ge 

102 

Chan¬ 

nel 

meas. 

~10 u 

+5 -5 




Si 

102 

132 

Chan¬ 

nel 

meas. 

~10 12 

+ 

00 

1 

00 





* Uniform distribution with density lowest at (E t — E^/kT = 0 and increasing sharply as limits 
(-[- 4 , —4) of surface potential are approached. The energies are quoted in units of kT with T = 300 K. 


possible to decide between these two possibilities. There is some evidence 
that (E t — Ei) is dependent on the ambient present but this change will 
not account for the whole change in s with ambient so that the possibility 
of a change in the product N t c p must also be considered. 

It must not be assumed that all the fast states listed in Table 16.2 are 
active as recombination centers. Field-effect measurements will detect 
levels which have negligible capture cross sections for one or both types of 
carrier. Many and Gerlich m have shown from surface recombination 
measurements that the level located 1 kT below the center of the gap does 
not contribute to the recombination process. 

From field-effect measurements it is also possible to obtain information 
regarding the slow surface states. Some of the induced charge initially ap¬ 
pears as conduction electrons or holes while some is trapped in slow surface 
states. After a time with the field still applied, the conductivity returns to 
the initial value as the charge leaks out to the slow states. 

A second method of changing the charge density is by illumination. 
This changes the quasi-Fermi level (as we have a nonequilibrium condi¬ 
tion) and the charge on the slow surface states adjusts slowly to the new 
condition. Then, when the illumination is removed, a slow return of the 
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conductance to equilibrium is observed. Similar slow changes are observed 

i the equilibrium charge density is disturbed by a temperature change or 

if a p-n junction is reverse biased. In all these cases the slow changes are 
explained on the basis of charge flow from 

contact with the underlying semiconductor. 

rn i 


electrical 


To explain the nonexponential nature of the phenomenon, two models 
ave been proposed, for both of which the rate determining step is charge 
transfer over a barrier arising in the oxide layer. The first was suggest^ 

sicallvT I™ and MCWh fr Wh ° assumed that the surf ace was intrin¬ 
sically heterogeneous and that the results were explicable in terms of a 

SDectrum of timo 4.:_ 1 . ^ D UA a 


Jt 7 -~ VVXXMVU/HU ilLIVy tuatllli 7 II (Jill flTPa to 

over the surface (i.e., a patchy surface). A second model was proposed bv 
Moms an d also by Pratt and Kolm 1 ” who assumed a uniform^rface 

The^ b ° n tu an i! fer ° Ver a SUrfaCe barrier aS the rate determining step’ 
? hen, when the charge in the surface states is perturbed, the rate of cam 

due e toTh S H Ue t w K,t1 ' t . he u change in the number of empty states and a£ 
due to the dependence of the barrier height on the surface charge In thb 

model VRriQfmn rvP -U _* i ® AAA *' 


, . ounauc coverage, or surface 

urge is assumed to be the rate controlling variable. However, in a small 

signal exnprimpnt. wU orn lUn U rA M 1. • . l i . * 


* i rp / xi - 1AV1 & UU W constant to better 

Morrison s too ”° I ^ 1M>,,en ‘ ial *“«"> o'’*"'' 1 »"»<* 1* explained by 

The two models described above are similar to those suggested to explain 
chemisorption where heterogeneous surfaces or electron transfer effects 
could explain the observed adsorption isobars. Another area where a satis¬ 
factory model for the slow states is of considerable interest lies in the «- 

Diana,ti on nf p p^tnnai . , . AAe 


i „ „ - - nas ueen round to van- 

inversely with the frequency. It has been shown mathematically that under 

certain conditions either a heterogeneous surface 133 or the electron trans¬ 
fer model may lead to l/f noise. electron tram- 

The major difference between the experimental results of Morrison and of 
Kingston and McWhorter which led to the two proposed theories lies in 
the temperature dependence of the decay times. The latter authors found 
practically no effect of temperature while Morrison reported a strong tem¬ 
perature dependence, the difference presumably being due to differs 

tilf & wh h at Td tS ' aUth ° rS f ° Und the deCay m ° deS t0 be n °nexponen- 

of J ! thC & \ eS Wbere ’ at Ieast for germanium, surfaces densities 
states and their distribution in energy are well established, very little 

quantitative information exists concerning slow states. Estimates have 

been given for the density of slow states, but their energy distribution and 

capture cross sections remain unknown. One is not even certain how if at 

all, their density is affected by changing the gaseous ambient 
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Rectification. The most important contribution resulting from meas¬ 
urements of the rectification characteristics of metallic points on a semi¬ 
conductor surface was the postulation of surface states by Bardeen. These 
were found necessary to explain the lack of dependence of the rectification 
properties of germanium on the work function of the metal. If the number 
of surface states is large enough, the value of is determined by these states 
rather than by the difference in work function between the metal and the 
semiconductor. Unfortunately an understanding of the point contact is 
complicated by the geometry and by the fact that passage of a large cur¬ 
rent through it (“forming”) has a profound effect upon its properties. A 
more clear-cut behavior is found with plated contacts as studied by Brad¬ 
ley 136 and Gunn. 136 These behave essentially as expected but do not show a 
quantitative dependence on the metal work function. Studies of the effects 
of gaseous ambients 137,138 on plated contacts have produced results which 
are not in agreement with measurements on free surfaces, presumably as a 
consequence of the change in the surface structure below the metal contact 

produced by the plating or evaporating process. 

Contact Potential. The contact potential, as measured for example 
by the Kelvin method, gives the work function of the semiconductor if the 
work function of the reference electrode is known. Unfortunately there is 
no easy way of determining the reference electrode work function in a 
gaseous ambient so that this measurement is best used to detect changes 
in the semiconductor value with ambient assuming that the other electrode 
does not change. The resultant change in work function is made up of two 
terms due to the internal (space charge) and external barriers respectively. 
One means of separating these two effects is to measure the change in 
contact potential with light [(A CP) L ] which is a measure of the change in 

$ s with light. . 

In 1947 Brattain and Shockley 139 measured the contact potential of 

several n- and p-type silicon samples in an attempt to find the change m 
work function corresponding to the difference in doping (i.e., shift in the 
bulk Fermi level). One would expect on a simple model that the difference 
in contact potential between n- and p-type silicon was about 1.1 ev. Meyer¬ 
hof 140 showed experimentally that this was not the case, but the treatment 
of his data by Bardeen 7 indicated that the contact potential difference 
should increase as the impurity concentration increased, approaching 1.1 
ev as the limit. Brattain and Shockley 139 found a maximum difference of 
0 6 ev and estimated from this that surface states must be present in a 
density of approximately 10 14 volt 1 cm" 2 . This high concentration of sur¬ 
face states would “lock” the Fermi level at the surface as only slight dis¬ 
placements in the level would produce large changes in surface charge. 

In 1953 Brattain and Bardeen 96 reported on an extensive study of both 
the contact potential and (A CP) L for surfaces of n- and p-type germanium 
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in various ambients. They found that (a) the values of the contact potential 
could be varied in a reproducible fashion by the ambient, (b) the change 
in (ACP) l for any specimen was a unique function of the contact potential 
produced by the ambient, and (c) the functional relationship between CP 
and (AGP) L was inverted for n- and p-type specimens. They gave a theo¬ 
retical treatment based on a model assuming traps of a certain type which 
gave a good quantitative fit to the data for (A CP) L and CP with only one 
adjustable parameter. More recently, Garrett and Brattain 130 have shown 
that (ACP) L can be quantitatively understood in terms of the same state 
distribution which is required to explain their field effect and surface 
recombination measurements. They also pointed out that the presence of 
surface traps was not essential to the argument and that similar results 
could be obtained assuming a surface ion charge compensated by charge 
m the space-charge layer. They pointed out that only a vague distinction 
could be made between surface charge in traps or surface charge in the ion 
layer. Possibly their time constants are different as the traps may be in 
good electrical contact with the underlying semiconductor and this would 
indicate that the surface states of Brattain and Bardeen are fast states 
while the fixed ionic charge may be treated as charge in the slow states. 

1 his is consistent with the observation by Garrett and Brattain that the 
change in contact potential with light slowly disappears after illumination 
with a time constant comparable to the slow decay in the field effect. 
Since Brattain and Bardeen 96 used chopped light in their experiment, the 
charge in the slow states remained constant and since the external barrier 
is associated with these states the value of (A CP) L may correctly be as¬ 
sociated with changes in <f> s across the space-charge region. 

The surface properties of germanium and silicon are better understood 
than those of any other semiconductor since the bulk purity is very high 
and the materials are available in the form of single crystals. The only 
other elemental semiconductor to be studied to any extent is tellurium. 
This is available in a state of high purity and by thermal evaporation thin 
layers can be formed which consist of oriented crystals so that the carrier 
mobility in the thin layer is about the same as in the bulk material (~200 
cm /volt sec). Field-effect measurements 141 have been carried out on such 
samples which appear to indicate the presence of slow states on the surface. 
No estimates of the density or position in energy of these states is available 

Compound Semiconductors 

A vast amount of experimental data is available on the conductivity 
changes produced in oxidic semiconductors by the adsorption of oxygen 
or hydrogen. The most studied compounds are ZnO and Cu 2 0, but unfor¬ 
tunately most of the reported data have been taken on polycrystalline 
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samples. Here one has the complicating factor of not knowing whether the 
measured conductivity refers to the contacts between grains or is really a 
measure of the crystal itself. AH d.c. measurements are practically worthless 
in a powder system, but by using a.c. over a frequency range, a separation 
of the two effects is feasible. Recently it has been possible to obtain single 
crystals of zinc oxide 142,143 ’ 144 and work on this indicates that much earlier 
data on powders were in fact dominated by the presence of grain-to-grain 
contacts. 

Adsorption and conductivity measurements on zinc oxide show that the 
conductivity increases as the number of oxygen ions at the surface is in¬ 
creased and that it is time dependent. This appears to be true for the tem¬ 
perature range 20 to 550°C. Several possible interpretations have been 
suggested. 

Hauffe and Engell 30 suggested that surface barriers exist between grains 
of the power and these must be traversed by conduction electrons. With 
increasing adsorption the barrier is raised. Obviously this would apply only 
to nonsingle crystal material. 

Fritzche 145 suggested the absorption of oxygen to explain the observed 
effects. Here the time dependence of conductivity after admitting oxygen 

• 38 i i 

is based on a diffusion process into the sample. Morrison has shown that 
this mechanism would be only applicable over a narrow temperature range 
and could not account for the room temperature data of Heiland 
or Melnick. 148 

Morrison 38 attempted to explain the experimental data in terms of the 
adsorption of oxygen. He postulated that the oxygen adsorbed on the sur¬ 
face was present as 0 = ions. Increasing temperature produces transition 
of electrons from the 0 = to the conduction band and the conductance rises. 
Increasing adsorption at a fixed temperature leads to a decreased conduct¬ 
ance as a result of electron transfer from the conduction band of the zinc 
oxide to the adsorbed oxygen. The time dependence was explained as due 
to the rate of the electron transfer across a barrier at the surface. 

The photoconductivity of zinc oxide has been studied by a number of 
workers. The fast response (< 1 second) has been interpreted as a bulk 
property by Mollwo, 149 Weiss 150 and by Heiland 146 who associate it with 
the double ionization of interstitital zinc. The slow process is probably as- 
sociated with the surface. Heiland 146 found that the irradiation of ZnO in 
vacuum by light produced a photocurrent which remained constant even 
after the radiation ceased, until oxygen reached the sample. Melnick 148 
observed that the increase in photoconductivity was retarded at high oxy¬ 
gen pressures. These results have also been interpreted in terms of the 
adsorption model but recently Thomas 101 has proposed a lattice dissocia¬ 
tion model. He postulates that the surface ZnO dissociates in the presence 
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of irradiation (much like the photographic process on AgBr) and loses 

° t Xy v f n ; n ^ huS condu ctivity increases and in a vacuum remains quite 
stable. This model corresponds to the presence of excess zinc in the surface 

region and m fact the conductivity data obtained are in good agreement 
with ZnO crystals upon which zinc has been deliberately adsorbed The 
quantum efficiency of the process has been studied by Collins and Thomas 155 
and found to be as high as 0.25 in its initial stages. 

Similar adsorption and conductivity measurements have been made on 
the p-type copper oxide in powder form. The oxygen increases the con¬ 
ductivity and as m the case of zinc oxide, only a few per cent of the surface 
is covered at equilibrium. Presumably either an adsorption or lattice dis¬ 
sociation mechanism could explain the results as the presence of oxygen 

ions would increase the concentration of holes in the surface region and 
hence the conductivity. 

Photoconductivity measurements have been reported on PbS films. 151 
Freshly evaporated films appear to be n-type and have little if any photo¬ 
conductivity. Exposure to oxygen converts the film to p-type (as deter- 
mined by thermoelectric measurements) and produces a photosensitization 
This has been interpreted as due to the formation of deep electron traps 
so that when a hole-electron pair is produced by a photon, the electron 
is trapped while the hole is free to conduct. Field-effect measurements on 
the same films show the presence of both slow and fast states (cf. ger¬ 
manium) but these have not been shown to be identical with the photo- 
conductive traps. p 

Conductivity and adsorption data are of course available for a large 

number of compounds not mentioned here. The lack of much quantitative 

information undoubtedly reflects the problems of not having available 

single crystals of high purity. A start has been made to correct this in the 

case of zinc oxide and it is hoped that much useful data on these much 
simpler systems will soon be available. 
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CHAPTER 17 


SEMICONDUCTOR ELECTRODES 

J. F. Dewald 

INTRODUCTION 

The consideration of the nature of semiconductor surfaces in the previous 
chapter was concerned primarily with the solid-vapor and solid-vacuum 
interfaces. In the present chapter we will be concerned with the nature 
and properties of the semiconductor-electrolyte interface. This differs 
from the dry surfaces primarily in being the boundary between two con¬ 
ducting phases. The study of its structure and properties is of both practical 
and theoretical interest. On the one hand, a vast electrochemical technol¬ 
ogy is involved in the fabrication and surface-stabilization of semiconductor 
devices. In addition the unique control, of charge-transfer processes and 
surface potential, afforded by the use of electrolyte contacts gives additional 
insight into the basic properties of semiconductors. Finally, the control of 
electrode composition and properties which is possible with semiconductor 
electrodes offers unique electrochemical information. 

Perhaps no surface has been more extensively investigated in the past 
than the metal-electrolyte interface. Semiconductor electrodes also have 
had a sizeable history, dating back at least as far as Becquerel’s work on 
the silver halides. 1 Copeland et al. 2 give a comprehensive review of this 
early work. Almost all of these studies, centering largely on oxides either 
as powders or in the form of oxide films, were conducted with materials of 
uncontrolled and generally unknown properties. As a consequence, this 
earlier work has, at best, only qualitative validity. 

The modern era in the study of semiconductor electrodes dates back to 
the growth of single crystals of high-resistivity germanium. The first 
semiconductor amplifier ever built, predating by a few months the point- 
contact transistor, was in fact the field-effect device of Brattain and Gibney 
in which the modulating field was applied across an electrolyte contact. 3 
The first systematic investigation of the semiconductor-electrolyte inter¬ 
face in which proper attention was paid to the properties of the semicon¬ 
ductor was that of Brattain and Garrett. 4 

Four factors distinguish the electrode processes at semiconductor 
electrodes from those at metal electrodes. 

1. The low and readily variable electron density. 


727 


728 


SEMICONDUCTORS 


2. The possibility, resulting from the first factor, of having sizeable 
penetration of electric fields deep into the semiconductor. 

3. The existence of an energy gap between the valence and conduction 
bands. 

4. The possibility, arising from the third factor and from the relatively 
slow rates of interband transitions, of distinguishing two kinds of electrons, 
conduction and valence. 

We will be concerned in this chapter with the manner in which these 
factors affect the structure and equilibrium properties of the interface, 
with the nature of their effects on the charge transfer processes, and with 
the effects of the electrolyte on the properties of the semiconductor itself. 

THE EQUILIBRIUM CONDITION 

The Potential Drop Across the Boundary Layer 

Consider now the nature of the interactions which occur when a semi¬ 
conductor electrode is introduced into an electrolyte. For the moment 
assume that the electrolyte does not corrode the semiconductor. In general 
when the two phases are brought together, charge flows from one phase to 
the other and an electrostatic potential gradient develops. This increases 
until the field is just sufficient to counteract the inherent tendency for 
charge-transfer. Charge flows until the electrochemical potential of elec¬ 
trons (the Fermi level) is the same on the two sides of the interface. 

In order to highlight the effects arising from the properties of the semi¬ 
conductor, we consider first the simplest type of electrode process, the 
electron transfer reaction. A schematic diagram of a complete electro¬ 
chemical system involving such reactions is shown in Figure 17.1. The 
semiconductor, assumed n-type for specificity, is in contact with a solu¬ 
tion containing the ions of a metal in two valence states. We indicate 
these as M + and M ++ implying that the two ions differ only by the pres¬ 
ence or absence of one electron. Actually the charges need not be +1 and 
+2 nor do they even have to be positive. A very large variety of such 
oxidation-reduction couples are available—with potentials ranging from 
strongly oxidizing couples (like Fe++ <=± Fe +++ ) to strongly reducing one-* 
(like V 4 " 4- ^ V 4-4-4 "). The same general principles apply to all of the*- 
couples. An inert reference electrode, reversible to the particular oxidation 
couple chosen, completes the electrochemical cell and affords a means •: 
passing current across the interface of interest as well as allowing tbr 
measurement of changes in potential under nonequilibrium conditions. 

The second half of Figure 17.1 shows the equilibrium energy diagram 
for the system. The conventional band diagram is used for the semi¬ 
conductor region, with the conduction and valence bands separate! 
by the energy gap E G and the origin of electrostatic potential takem 
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Figure 17.1. The charge distribution and equilibrium energy level diagram at an 
w-type semiconductor-electrolyte interface. 


arbitrarily, at the center of the energy gap. The bands are shown bending 
up, corresponding to the existence of a positive space-charge of donor ions 
near the interface. The extent to which the bands bend up or down when 
in contact with the electrolyte depends, among other things, upon the 
oxidation potential of the ion-couple in solution. Strongly oxidizing systems 
tend to bend the bands up, while strongly reducing ones tend to bend 
them down. 

Now the M + and M ++ ions may, in first approximation, be thought of 
in the same terms as those used in treating donor or acceptor states in the 
semiconductor. The M + ion corresponds to a filled “ion-state,” the M ++ 
to an empty one. In the bulk of the solution these are electrically compen¬ 
sated by X~ ions. The ratio of filled to empty states may be independently 
varied. Most simply one takes equal concentrations of the two ions. In 
this case the electronic energy of the “ion-state” must be located precisely 
at the Fermi level. This is readily seen from the Fermi distribution law 


m 


i 


1 + exp (E — E F )/kT 


(17.1) 


where f(E) is the probability that a state of energy (E) is occupied and E F 
is the Fermi level. If equal numbers of the filled and unfilled ion-states 
are introduced,/(E) = \ and thus under equilibrium conditions, the energy 
of the ion-state lies precisely at the Fermi level.* 

* The only hidden assumption here is that the partial molar entropy of the M + 
ion be the same as that of the M ++ ion. If these differ, the ion-state lies TAS away 
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An important point to note in passing is the effect of changing the semi¬ 
conductor type. The arguments given above apply regardless of whether 
the electrode is p or n-type. The thing which does change when one shifts 
the Fermi level up or down with respect to the band edges, is the electro¬ 
static potential drop from the bulk of the semiconductor to the bulk of 
the solution. Electrochemists call this the Galvani or “inner” potential of 
the electrode. 6 For any given semiconductor the equilibrium value of the 
inner-potential (\p) may be expressed, as the sum of the Fermi level (v? 0 ), 
the oxidation potential of the electrode reaction (E), (measured with 
respect to some arbitrary, but fixed, reference electrode), and an arbitrary 
additive constant ( A ), 

t = A — <p 0 + E (17.2) 

The sign of (po is the conventional one, i.e., the more w-type, the more 
negative <po] the European convention is used for E; i.e., the more strongly 
oxidizing the half-cell, the more positive E. 

Eq. (17.2) shows that the equilibrium inner-potential depends upon the 
nature of the semiconductor doping. This should be clearly distinguished 
from the equilibrium potential one measures on a voltmeter, which is 
independent of . Other properties, e.g., the capacity and surface con¬ 
ductance, do depend on the Fermi level but, because of the exactly equal 
and opposite dependence on <p 0 of the copper-semiconductor contact- 
potential, the measured equilibrium potential will not. In nonequilibrium 
situations the measured potentials generally do depend on conductivity 
type and these are considered in detail below. 

The Charge-Distribution in the Region of the Interface 

Three regions of the interface can be distinguished; (1) the space-charge 
layer in the semiconductor, extending 100 to 10,000A or so into the semi¬ 
conductor; (2) the diffuse ionic-space-charge layer in the electrolyte (the 
Gouy layer); and finally, (3) the elusive region, the Helmholtz region, 
extending over the one or two atom layers on either side of the phase 
discontinuity. In general, significant portions of the inner potential drop 
may occur across each of these regions. 

The diffuse Gouy layer in the electrolyte near a semiconductor electrode 
is identical to that at a metal electrode. It has been treated in many text¬ 
books 7 and thus, since our primary concern here is with the aspects of 

from the Fermi level. Dewald 5 considers this problem in detail. Note in this connec 
tion that the argument above is completely independent of the nature of the iot 
couple, the electrostatic potential drop across the interface, which does depen: 
upon the nature of the ion couple, adjusting itself to whatever value is required li¬ 
the condition to be satisfied. 
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electrode processes which are specific to semiconductors, we need not 
dwell on the details of the Gouy layer. For experimental purposes we may, 
by always using electrolytes of high concentration (in excess, say, of 1 
mole per liter), make the Debye length in the electrolyte smaller than 3A 
or so; this corresponds to having practically all of the excess charge just 
one atom-diameter away from the solid. Since the ions are, to a very good 
approximation, incompressible, they cannot get closer to the mathematical 
interface than this. Thus, with electrolytes of high concentration, all the 
excess charge in the Gouy layer may be assumed to be located on a fixed 

plane, an atom diameter away from the semiconductor. 

The structure of the space-charge layer within the semiconductor is 
in many respects quite similar to that of the Gouy layer and has been 
considered in some detail in the previous chapter. In general we deal 
with three types of charged species; electrons, holes, and impurity ions, 
the former two being mobile, the latter immobile at temperatures oi interest. 
This immobility is the principal feature distinguishing the properties of 
the semiconductor space-charge layer from that in the electrolyte for it 
allows the existence of very large voltage drops whenever both electron 
and hole densities are low. Grimley 8 has considered the analogous system 
of two diffuse double layers encountered at the interface between an ionic 
crystal and an electrolyte, in which the “impurity 11 ions (lattice vacancies 
and interstitials in his case) are mobile and achieve their equilibrium 
distribution in the interfacial electric fields. We limit ourselves in the 
present chapter to semiconductors with immobile impurities. Unless 
otherwise specified, the impurities are assumed to be uniformly distributed 
and of sufficiently low concentration that they are completely “ionized,” 
with the resulting holes and/or electrons forming an ideal solution with 

“activity coefficients’’ of unity. 

Garrett and Brattain 9 have derived equations for the field and electro¬ 
static potential within the space-charge layer. Their derivation, which is 
simply the solution of the appropriate Poisson-Boltzmann equation, is 
given in Chapter 16 in connection with dry surfaces. It may be carried 
over in toto to the wet surfaces under consideration here. The situation is 
almost exactly comparable to that which would exist in an aqueous Gouy 
layer in which only the hydronium and hydroxide ions were mobile. Three 
relatively simple approximations to the complete (and consequently 
complex) equations may be noted, respectively (1) exhaustion, (2) enrich¬ 
ment, and (3) inversion. The first of these refers to the condition in which 
both carrier densities in the space-charge layer are low compared to the 
bulk majority-carrier density. This approximation, given originally by 
Mott 10 and Schottky, 11 gives a field which is linear with distance and a 
potential which is therefore parabolic. The approximation has only limited 
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validity for semiconductor electrodes in which the Fermi level lies close 
to the center of the band. In this case even a small bending of the bands 
(up on n-type, down on p-type semiconductors) causes the equilibrium 
minority-carrier density at the surface to exceed the bulk majority-carrier, 
and an inversion layer results. If the bands bend in the reverse direction 
the majority-carrier density at the surface becomes large and an enrich¬ 
ment layer results. For semiconductors with a large energy-gap, (E 0 > 

2 ev) the exhaustion layer approximation is generally valid over a much 
wider range. 


The third region contributing to the inner-potential of a semiconductor 
electrode is the region one or two atom diameters on either side of the 
interface, i.e., the Helmholtz layer. 

This region is by far the most difficult one to study in detail and very 
few data are available on it. With metal electrodes a major part of any 
change in the inner potential of an electrode occurs across the Holmholtz 
layer. Because of the very large electron density in metals, no problem 
arises in achieving whatever electric fields are necessary. With semi¬ 
conductor electrodes however, the charge available is generally many 
orders of magnitude less than with metals and as a consequence most of 
any change in electrode potential, whether of equilibrium or of kinetic 
origin, usually occurs across the space-charge layer. This is illustrated in 
fable 17.1 where the electric field just inside the surface of a germanium 
electrode, calculated from Eq. (16.5), is given as a function of the potential 
drop across the space-charge layer (^ 3 ) for several values of the bulk 
electron density (b 0 ). As may be seen, the fields are quite low for all but 
the very strong enrichment case {\p s strongly negative on p-type and 
strongly positive on n-type material), where, in any event, the majority- 
carriers become degenerate and the Boltzmann part of the Poisson-Boltz- 
mann equation used by Brattain and Garrett is no longer applicable. 
Seiwatz and Green 12 have considered this problem in detail. Short of a 
degenerate surface, one concludes that the space-charge contribution to 
the Helmholtz potential drop at a germanium electrode is negligible. 


Iable 17.1. The Voltage Drop Across a 1A Thick Helmholtz Layer 
Dielectric Constant Equal to that of Ge. (Surface States and 

Dipoles Absent). 

(Germanium at Room Temperature) 
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Two other possible sources of a variable Helmholtz potential are (1) 
a variable surface dipole (which is usually assumed absent in treating 
metal electrodes) and (2) the possible existence of a large density of surface- 
states in the vicinity of the Fermi level at the inside of the Helmholtz 
layer. Next to nothing is known about the number or distribution of the 
surface-states at the electrolyte interface. However, if their densities are 
comparable to the “fast” surface-state densities observed at semiconductor- 
gas interfaces, (see Chapter 16), as seems not unreasonable, then they, 
too, should make only a small contribution to changes in the inner potential. 
Extensive work on the surface-state effects in electrolytes is critically 

needed, however, to confirm this assumption. 

In first approximation, we assume that changes in the electrode potential 

of a semiconductor electrode reflect changes in the surface potential >p s . 
An important consequence of this assumption is the fact that, for any given 
semiconductor and electrolyte, the equilibrium densities of holes and 
electrons at the surface are constant, independent of whether the semi¬ 
conductor is n- or p-type. For example, if the electrolyte is such as to make 
the bands flat on intrinsic material—thus making the surface also intrinsic 
then on n-type material the bands will bend up and on p-type material 
they will bend down. In both cases they will bend just sufficiently to make 

the surface intrinsic at equilibrium. 

Charge-Transfer Processes 

Consider now the processes of charge-transfer. Quite generally there are 
two distinguishable paths for any electrode reaction, one involving transi¬ 
tions to and from the valence band, the other to and from the conduction 
band. These are distinguishable by virtue of the fact that, under non¬ 
equilibrium conditions, the hole and electron densities may be inde¬ 
pendently varied and measured (see below). In a metal electrode the rates 
of transition between the various electronic levels are so rapid that the 
population of the levels is always close to the equilibrium distribution. 
In the case of a semiconductor on the other hand, while the distribution 
within each band always remains very close to equilibrium, the low rate 
of interband transitions makes it possible to be materially out of equilib¬ 
rium with respect to the distribution between the bands. This is critically 
important to the consideration of electrode kinetics. The processes involved 
are most easily understood by considering the equilibrium condition first. 

The two paths for charge-transfer may be symbolized in the form of 
electrochemical equations, one involving holes, the other electrons 

M + ^ M ++ + «r (17.3) 

Ken 

M + + e s + ^ M ++ (17.4) 

Kcp 
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where e s + and e s ~ represent holes and electrons at the surface and the k’s 
are the specific rate constants for the reactions. For concreteness we again 
consider a positive ion-couple. 

The net rates of the two reactions (17.3) and (17.4) may be written in 
the form 




kanC M+ 


k cn C M++ns 






Here n s ° and p s ° are the equilibrium surface densities and the concentra¬ 
tions of M + and M ++ are assumed constant and have been included in 
the respective “exchange currents” I p ° and I n °* Eqs. (17.5) and (17.6) 
are simply statements that the two reactions are kinetically first-order 
with respect to the hole and electron densities at the surface. 

Eqs. (17.5) and (17.6) bear a formal resemblance of sorts to the equations 
for the current flow across a p-n junction (see, e.g., Ref. 13 and 14). Their 
physical significance is completely different however, the p-n junction 
characteristics arising from carrier production and diffusion processes, 
while the present mechanism involves chemical reactions at the interface 
quite specifically. We shall see below that carrier diffusion and production 
within the semiconductor play a major role in the electrode kinetics in 
determining the magnitudes of the carrier densities at the surface. However, 
this is only incidental to the basic mechanism expressed by (17.5) and 
(17.6). If analogies are to be sought, one must draw on both solid-state 
physics and electrochemistry. This is implied by the use of the term “ex¬ 
change-current” for I n ° and I p °. In the approximations used here (non¬ 
degenerate surface and negligible Helmholtz overvoltage) these exchange- 
currents are constant, the net hole and electron currents, I p and /.. 
depending upon overvoltage only through the terms n s and p s . The total 
current flow across the interface is of course just the sum of I p and /„ . 

Rather sophisticated techniques, described below, are required to measure 
the separate components, I p and I n . Since the most appropriate methods 
depends upon which path constitutes the predominant mode of charge- 
transfer, it is useful to have at least a first-order approximation for the 
ratio of the exchange currents. 

Dewald 15 has made the first attempt to evaluate the relative rates of 
the hole and electron processes at semiconductor electrodes in terms of an 
atomic model. His basic ideas derive from Marcus’ 16 treatment of the 
kinetics of electron-exchange reactions in dipolar solvents. An ion in solu- 


* The exchange current is that current which flows equally in both directions 
equilibrium. 
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tion, Marcus points out, is surrounded by a region of large electrostatic 
polarization. In equilibrium this polarization is proportional to the electric 
field at any point, the proportionality constant being simply the static 
polarizability. However in kinetic problems such as electron-transfer 
reactions (whether homogeneous or at an electrode) one deals with electro¬ 
static polarizations which, because of the Franck-Condon principle, 
cannot be at equilibrium in both initial and final states and which are not 
proportional to the local electric field. 

Using a continum approximation, the energy associated with the non¬ 
equilibrium polarization around an ion at a semiconductor electrode may 
be expressed in the form 

it/ * (Z, - ZCfi (j - ij) i (17.7) 

where Zi is the valence of the ion, a is the radius of the ion plus its primary 
hydration shell, R is the distance from the ion to the interface, and k op is 
the optical dielectric constant of the electrolyte. Z 2 is a schematic polariza¬ 
tion coordinate representing the state of polarization. In the idealized 
situation which results when an electron is removed by a Franck-Condon 
transition from, say, an equilibrium M + ion, Z 2 would be equal to 1 and 
Zi would be equal to 2. Now thermal fluctuations may cause the dipolar 
configuration around any given ion to depart quite materially from equilib¬ 
rium. The precise characterization of these departures would be extremely 
complex. They may be characterized in a qualitative fashion by allowing 
Z 2 to take on fractional values. The energies for the initial and final states 
of a charge transfer process are then as shown in Figure 17.2. The energy 
referred to is that of the system composed of one electron, one ion, and 
two dielectric continua (representing the solution and the semiconductor). 

When the electron is in the solution, it occupies a single level on the ion 
and the energy of the system varies parabolically with Z 2 about the value 
Z 2 = 1. On the other hand, when the electron is in the semiconductor and 
the ion is doubly charged, there are many possible energies for the system, 
at any given state of polarization, since the electron can be in any one of 
the quasi-continuum of levels above and below the energy gap. These 
bands are shown as the two shaded regions in Figure 17.2. For any given 
electronic level the energy of the system still should depend parabolically 
on Z 2 , in this case with the minimum at Z 2 = 2. The relative positions 
of the “ion-state” parabola and of the semiconductor parabolas are fixed 
by the requirement, discussed above, that the energy of the ion-state 
under its equilibrium polarization be at the same level as the Fermi level. 
The locations of the conduction and valence bands with respect to the 
Fermi level are those existing at the surface. 
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Figure 17.2. Polarization “parabolas” for an electron-exchange reaction at a semi¬ 
conductor electrode. The two circles represent the activated states for the two ex¬ 
change processes. 


The details of the computation of the relative values of the two exchange 
currents are somewhat involved. The essential physical arguments are 
fairly straightforward however. It is assumed that the most rapid transi¬ 
tions to or from either band are simultaneously vertical (in the Franck- 
Condon sense) and nonradiative. In terms of Figure 17.2 this restricts the 
transitions to the points of intersection of the “ion-state” parabola with 
the band-edge parabolas.* These intersections define the activation energies 
for the four processes as shown in Figure 17.2. The final assumption is now 
made that the wave function of a hole at the surface overlaps the ion-state 
wave function by about the same amount as that of the electron. One 
then obtains the ratio of the two exchange currents as 

I 0 

y- 0 £3 exp (1 + Eo/8)(<po - i s °)q/kT (17.8) 

I n 


where <5 is given (cf. Eq. 17.7) by 




Eq. (17.8) shows that, regardless of the nature of the majority carrier 
in the bulk of the semiconductor, the predominant mode of charge-transfer 
at small overvoltages involves that carrier which is in the majority at the 
surface and depends almost entirely on the nature of the electrolyte. 

* Boltzmann factors operate to make transitions to and from the band edges 
predominant. 
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Transfers to and from the valence band predominate whenever the surface 
is p-type (y> 0 ^ while transfers to and from the conduction band pre¬ 
dominate when the surface is n-type (<po < \p s ). The absolute magnitudes 
of the exchange currents vary with the nature of both the electrolyte and 
the intrinsic semiconductor but not in a major way with either doping 

or bias. 

Eq. (17.8) is only the crudest sort of first approximation. The two 
exchange-currents should thus be thought of as quite distinct phenomeno¬ 
logical coefficients which are to be determined experimentally for each 

particular redox system. 

QUASI-EQUILIBRIUM ELECTRODE KINETICS 

The Supply of Holes and Electrons 

In the preceding developments the rates of charge-transfer have been 
expressed in terms of the concentrations of holes and electrons at the 
surface. Consider now the factors which determine these concentrations, 
under any set of externally applied conditions of illumination and/or 
current flow across the interface. The many possible combinations of 
external conditions are divided, most conveniently, into two general 
classes characterized by the terms “quasi-equilibrium” and “strongly 

nonequilibrium.” 

In a semiconductor exhibiting slow transitions between the conduction 
and valence bands the product of the hole and electron densities, which 
is a constant under equilibrium conditions, may be readily altered from 
the equilibrium value, by preferential injection or collection of either or 
both types of carrier or by illuminating the surface. Such nonequilibrium 
conditions may extend over distances as large as a centimeter or more in a 
semiconductor like germanium, since the very high mobility of holes and 
electrons tends to make the gradients of their electrochemical potentials 
small, even though the departures from equilibrium, at any point within 
the semiconductor, may be quite large. The “quasi-equilibrium” condition 
is defined as that in which the holes and electrons are separately in transla¬ 
tional equilibrium across the space-charge layer. Under these conditions 
the hole and electron densities at the surface are quite simply related to 
their densities (pi and ni) in the region just outside the space-charge layer, 

p s = pi exp (- \p s q/kT) n s = n i exp ( \p,q/kT) (17.10) 

By the condition of charge neutrality, Wi and p x are related to their equilib¬ 
rium values, no and po by the equation, 

(nx - n 0 ) = (pi - Po). (17.11) 

The quasi-equilibrium approximation allows the formulation of a single 
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equation of continuity (in terms of either Vl or m) from which both p t and 
n \, and therefore p s and n s , may be deduced. Under strongly nonequilib- 
lium conditions one must work with two nonlinear continuity equations 
in computing p s and n a . T. hese latter conditions are encountered in the 
giant overvoltage region (see below) and have not been studied in any 
detail. Shockley 13 uses the terms “hole imref” and “electron imref” for 
the electrochemical potential of electrons in the two bands. 

The various physical factors which determine the carrier densities m 
and pi just outside the space-charge layer are very similar to those involved 
at the p-n junction. Shockley 13 gives a detailed treatment of these. When 
a current is passed through the semiconductor and across the interface, 
most of the current deep in the semiconductor is carried by the majority- 
carrier, the fraction carried being determined simply by the relative num¬ 
bers and mobilities of the two carriers. The relative currents across the 
interface are determined by a completely different set of factors—as 
outlined above. Thus, quite generally, one has either an accretion or deple¬ 
tion of carriers in the region near the surface and concentration gradients 
of the two carriers are established which increase until the net flows of 
both carriers into any region are just equal to the net rate of recombination 
within that region. A steady state is then achieved. The net flow of minority- 
carriers out of the space-charge layer is given, for extrinsic semiconductors, 
as the difference between the diffusive flow into the bulk of the semi¬ 
conductor and the interfacial flow. This may be written in the form 


net flow out = -( D/r) m (m„ - mO ± I m 


(17.12) 


where the m’s represent the minority-carrier density and I m is the minority- 
carrier interfacial current (cf. 17.5 andl7.6). 1) and r are the diffusion 
coefficient and lifetime of the minority-carrier. The plus sign applies to 
p-type and the minus sign to n-tvpe conductors. Under steady-state condi¬ 
tions this net flow out of the space-charge region must be equal to the net 
rate of generation within the region. Within the space-charge layer, almost 
all the holes which are generated arise from illumination or from thermal 
processes at the surface. With relatively high-lifetime materials bulk 
generation within the space-charge layer is negligible. The optical process 
has been shown to proceed with unit quantum efficiency, nearly all of the 
absorption taking place well within the space-charge layer.* The thermal 
generation process is usually characterized in terms of a constant surface- 
recombination velocity, v s , this being equivalent to the assumption that 
the recombination process is kinetically first-order with respect to both 


* A case in which this approximation was purposely caused to be invalid, by usirx 

light filtered through a germanium crystal, is described recently by Albers an-i 
Thomas. 17 
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hole and electrons. The net generation rate within the space-charge layer 
is thus given as 

net generation rate = v s (m 0 — mi) + L (17.13) 

where L is the light intensity in appropriate units. Combining (17.10) and 
(17.11) with (17.12) and (17.13), one then obtains the steady-state majority 
(M) and minority (m) carrier densities at the surface in the form 

m s = ^m 0 + ex P (=*=^) (17.14) 

M, = (m 0 + exp [ - (±7)] (17.15) 

u , the total recombination velocity, is a shorthand symbol for 

[(D/ t ) 1/2 + V.]. 

Again, the plus signs apply for p-type, the minus signs to n-type samples. 

The Phenomenological Equations 

Eqs. (17.14) and (17.15), together with (17.5) and (17.6), give the com¬ 
plete phenomenological description of the steady-state electrode kinetics 
under quasi-equilibrium conditions. The total electrode current (/) may 
be written explicitly as a function of the overvoltage A (expressed in units 
of hT/q). On n-type samples 

I = V [1 + L/p 0 u - e“ A ]/(e“ A + V/pou) + /„°(1 - e~ A ) (17.16) 
while on p-type samples 

I = — 7»°[1 + L/nou - e A ]/(e A + I„°/n 0 u) - 7 P °(1 - e A ) (17.17) 

The conventional signs for overvoltage and current (plus for anodic, 
minus for cathodic) are used. 

Eqs. (17.16) and (17.17) are moderately complex. Their physical signifi¬ 
cance is shown graphically in Figure 17.3 for two choices of parameters 
I p °, In and u. The respective symmetries and dissymmetries between n 
and p-type electrodes are shown quite clearly. The dissymmetry would 
be almost entirely one of sign except for the fact that the exchange currents, 
Ip and In, are in general not equal. In fact they may well differ by many 
orders of magnitude if the surface is not intrinsic at equilibrium (cf. 17.8). 
The current exhibits light-sensitive saturation, in the anodic direction on 
n-type, and in the cathodic direction on p-type electrodes, the saturation 
current being given in the former case by 

I s = Poll + L + I n ° (17.18) 
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Figure 17.3. The current-voltage dependence and photoeffects for an ideal elec¬ 
tron-exchange reaction: (a) exchange currents equal (b) hole exchange current large 
compared to electron exchange current. (Note the larger saturation current in the 
cathodic direction.) 


while on p-type electrodes it is given by 

I s = —n 0 u — L — I p ° (17.19) 

This saturation occurs for two reasons; the minority-carrier density near 
the surface becomes depleted and further, the electrochemical transfer- 
coefficient for injection of majority carriers is close to zero so that applica¬ 
tion of a voltage cannot increase its rate. The minority-carrier depletion 
is strongly analogous to the concentration polarizations observed at metal 
electrodes. It may be distinguished from these in being photosensitive and 
in being independent of whether the solution is stirred or not. As can be seen 
from Eqs. (17.18) and (17.19), measurement of the saturation current' 





SEMICONDUCTOR ELECTRODES 


741 


affords a method of measuring the separate hole and electron exchange- 
currents provided one knows or can measure the recombination velocity, u. 
Alternatively, one can determine the exchange currents by other methods 
and then use the (17.18) and (17.19) to evaluate u. Alternatively one may 
use photovoltaic transient effects to evaluate both the recombination 
velocity and the exchange currents. The mathematical formulation of the 

transient effects is straightforward but lengthy. 

As mentioned above, the current saturation exhibited by semiconductor 
electrodes is quite similar to that observed at metal electrodes exhibiting 
concentration polarization. The major difference between the two kinds 
of systems is in the size of the overvoltages which may be applied in the 
region of saturation; values as large as 100 volts may be applied across a 
semiconductor electrode at current densities as low as 1 /^a/cm . 1 hese 
“giant” overvoltages arise because at any given overvoltage the “over- 
field” at the interface is orders of magnitude smaller than at metal elec¬ 
trodes. Thus, although other electrochemical reactions might conceivably 
occur, e.g., hydrogen evolution under cathodic bias or oxygen evolution 
under anodic bias, the overvoltage cannot accelerate them significantly 
because it does not act across the interface per se. 

A second, and perhaps even more characteristic, class of properties ol 
semiconductor electrodes are their photovoltaic responses. The character 
of the open-circuit d.c. photovoltaic effect is implied in Eqs. (17.16) and 
(17.17) and also in Figure 17.3. In Figure 17.3b for example, where the 
exchange current for holes is taken to be 1000 times that for electrons, the 
open-circuit photovoltage is seen to be much larger on n-type than on 
p-type samples. Eqs. (17.16) and (17.17) predict that, at lowlight intensities, 
the open-circuit photovoltages on comparably doped n- and p-type samples 
should be of opposite sign and in ratio of the electron to the hole exchange 
current. The important point here is that the minority-carrier imref is the 
only one susceptible to large change on illumination. Thus, a large open- 
circuit photoeffect can arise only if the minority-carrier is potential deter¬ 
mining. This will be the case only when minority-carrier exchange current 
is large compared to that of the majority-carrier. 

THE GERMANIUM ELECTRODE 

The germanium electrode has been by far the most thoroughly investi¬ 
gated of all semiconductor electrodes. It exhibits, in at least a qualitative 
fashion, most of the effects which have been developed above. The major 
difficulty in arriving at a quantitative understanding is the corrodable 
nature of the germanium, which means that several electrochemical proc¬ 
esses occur simultaneously and true thermodynamic equilibrium cannot 
be achieved. 
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igu e u .ine current-voltage dependence and photoeffects at the germanium 
electrode in .1 N KOH. Potential measured vs. silver/silver oxide electrode. A is an 
arbitrary unit of light intensity. (After Brattain and Garrett*) 

The typical d.c. current-voltage and photoeffects, as observed by Brat¬ 
tain and Garrett 4 for n and p-type germanium electrodes in 0.1 N KOH. 
are shown in Figure 17.4. The electrochemical reactions involved here are 
the anodic dissolution reaction and hydrogen evolution. The curves are 
fairly similar to the theoretical curves of Figure 17.3. They exhibit satura¬ 
tion effects and large photoeffects in the anodic direction on n-type. Al¬ 
though true saturation was not observed in the cathodic direction on 
p-type samples, the photoeffects in this region are large and of the proper 
sign. Green has observed considerably sharper saturations, presumably 
because of greater care in the preparation of his solutions. 

Figure 17.5 shows the respective photovoltaic responses of Brattain and 
Garrett in greater detail. The largest photoresponses occur under the most 
strongly anodic conditions for n-type samples and under strongly cathodic- 
conditions for p-type specimens. Under the opposite conditions, the photo¬ 
response changes sign, with its magnitude several orders below the open 
circuit value. The sizeable dissymmetry between p and n-type samples may 
be a reflection of the inequality of the hole and electron exchange currents 
(see Figure 17.3). However, it is much more likely that the dissymmetr^ 

occurs because the anodic and cathodic processes are not the reverse of 
each other. 

Uhlir 19 has studied the temperature-dependence of the saturation current 
for the anodic process on germanium in 10 per cent KOH solutions. His 
data show an exponential l/T dependence with an empirical “activation- 
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Figure 17.5. The photovoltaic response of a germanium electrode at various values 
of steady light intensity. The cusps are not discontinuities but only changes in sign 
of the effect, a is the current multiplication. (After Brattain and Garrett*) 

energy” of about .67 ev. Such a dependence is roughly of the form and 
magnitude to be expected if the total supply of holes to the surface were 
by diffusion from the bulk of the semiconductor (i.e., v s « 0). In this case 

the dark saturation current would be given by 


I 


s 



(17.20) 


Uhlir does not give data on the bulk lifetimes in the samples which he used. 
However, the temperature dependence of r should constitute only a small 
fraction of the “activation energy” (see Chapter 11). Thus, the tempera¬ 
ture dependence of I s should be largely just that ol the minority-carrier 
density. For extrinsic samples the apparent “activation-energy should 
therefore be of the order of the energy gap (.7 ev in Ge), which is not un- 
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reasonably far from the observed value. Surface recombination must play 
a sizeable role, however. In their experiments, Brattain and Garrett used 
quite high lifetime samples (>4000 /xsec). The dark saturation currents 
observed by them were some 20-fold greater than the diffusion current 
calculated for this lifetime, implying that surface recombination and gen¬ 
eration are of major significance, at least for materials of high body-lifetime. 

Uhlir has also studied the dependence of anodic saturation current on the 

resistivity of the (ft-type) samples. He finds, in qualitative agreement with 

Eq. (17.20) that the saturation current decreases with decreasing resistivity 

(i.e., as po decreases). The data are roughly consistent with a body lifetime 
of about 5 fj, sec. 

One of the most interesting effects observed by Brattain and Garrett 4 
is that for each hole brought up to the surface, approximately 1.7 units 
of charge can flow across the interface. Using a somewhat less direct method. 
Uhlir 19 obtains a value of 1.4. By analogy with similar effects in transistors, 
the ratio of the total current to the hole current is called the current mul¬ 
tiplication, a. Brattain and Garrett determined this in two ways; by meas¬ 
uring the increase of the saturation current on illumination, and by in¬ 
jecting holes into the anodically biased sample across a p-n junction located 
close to the electrolyte interface. A diagram of the latter experiment is 
shown in Figure 17.6. The n-region of the p-n junction, in which the diffu- 
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Figure 17.6. Schematic diagram and experimental details of the p-n junction tech¬ 
nique of Brattain and Garrett. 
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sion length for holes in the n-type region was large compared to the thick¬ 
ness of the region, was made anodic with respect to the solution. The 
saturation current across the electrolyte interface was then measured with 
the p-side “floating”; that is, with I v = 0. The p-n junction was then “for¬ 
wards-biased as shown and the two currents, I p and I a , measured. The 
increase in I a was found to be of the order ol 1.7 times I P , almost com¬ 
pletely independent of the magnitude of I v . 

Now it can be shown fairly simply that very nearly all the current across 

the p + -n junction (p + meaning heavily doped p-type) is due to the flow of 
holes. At the reverse-biased germanium electrolyte interface under satura¬ 
tion conditions, the hole concentration is practically zero. The holes injected 
across the junction diffuse across the thin n-type region and become avail¬ 
able for the anodic process. If the diffusion-length in the n-region is long 
enough, nearly all the injected holes reach the electrolyte interface and 
thus I P is a measure of the additional hole-flow up to the surface. Similai, 
although less precise, values for the current multiplication were obtained 
using a light source of known absolute intensity as a means of injecting 

extra holes. 

The chemical significance and meaning of current multiplication may be 
summarized by writing the chemical equation for the electrode reaction 

in the form. 

40H- + Ge + 2Ae+ -> Ge0 2 + 1.6er + 2H 2 0 (17.21) 

A fairly simple argument has been given by Turner 20 which simultane¬ 
ously accounts for the strange form of (17.21) and predicts that this mixed 
behavior should probably be unique to the dissolution reaction. Note in 
this connection that (17.21) is not the sum of two parallel paths whose 
kinetic parameters just happen to give a ratio of 2.4/1.6. Rather, the ex¬ 
periments say that in the unit process, 2.4 holes are used up and 1.0 elec¬ 
trons (on the average) are produced. 

Consider a surface germanium atom in contact with a solution in which 

the bulk oxide is soluble. On a (100) surface (this was the macroscopic sur¬ 
face used by Brattain and Garrett) the atom makes two fairly strong co¬ 
valent bonds to the crystal and two more, presumably to hydroxide ions 
or water molecules from the electrolyte. The bonds to the crystal must be 
broken if the germanium atom is to move across the interface. Now a local¬ 
ized hole at the surface corresponds to a one-electron bond which is much 
weaker than the normal bond. If we require that both bonds be broken 
before the atom (now an ion) can move across the interface, then two holes 
will be consumed in the unit process of removing one germanium atom. 
The two electrons are left behind in a highly excited state and are then 
easily promoted to the conduction band. The net result ot such a series of 
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steps would be the consumption of two holes, the injection of two electrons 

the removal of one germanium atom, and the formation of one germanium 
ion in the +4 valence-state. 

It is clear that with a mechanism such as the above four units of charge 

would be transferred for each two holes used up. This would correspond to 

a current multiplication factor of 2, and come reasonably close to describ- 

mg the experimental result. Other effects, for example the fact that the 

surface bonding varies considerably on the various principle planes of the 

diamond lattice, preclude more exact comparison with experiments in any 

simple manner. These factors could quite readily account for the fractional 
values ot the coefficients in Eq. (17.21). 

Brattain and Garrett’s data for the anodic dissolution of germanium mav 
be summarized in the form 


I = h (pi e A /?>o) 


1 IK 


(17.22) 


i.e., 


where A is the overvoltage (in units of k T/q) and Pl and p 0 are respectively 

the hole densities at the inside of the space-charge layer and in the bulk of 

the semiconductor. The constant, K, is found to be approximately equal 

to 1.6. A characteristic such as (17.22) is difficult to rationalize with the 

model of the charge-transfer process outlined above. Since the overvoltage 

A occurs almost entirely across the space-charge layer, (17.22) seems to im- 

p y that the kinetics are of fractional order with respect to the hole density 

at the surface. Thus the basic mechanism of charge-transfer in the anodic 

dissolution reaction must be appreciably more complex than so far indi¬ 
cated. 

A conceivable explanation of the phenomenon is that only localized holes, 
empty surface-states, facilitate bond rupture. If the distribution in' 
energy o these surface-states P(E) were exponential in the energy, and 
further it the states were in rapid connection with the valence-band ’then 
one would expect a voltage-current characteristic exhibiting an apparent 
fractional order in the free hole concentration at the surface. The theoretical 
significance of the constant K would, however, be completely different from 
t ose usually ascribed to a Tafel-like behavior at metal electrodes. 21 

One of the most illuminating features of the data obtained by Brattain 
and Garrett for the anodic process on germanium is the dependence of 
overvo tage on the minority carrier density. Eq. (17.22) shows that the 
overvoltage for the anodic process varies, at constant current, by exactly 
the same amount as the imref for holes. The critical experiments demon¬ 
strating this were performed using the thin-slice p-n junction technique 
Measurement of the “floating” potential of the p-n junction gives, with 
appropriate and small correction for recombination, an unambiguous 
measurement of the hole density Vl and thus of the hole imref at the sur- 
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Figure 17.7. The dependence of electrode potential on the hole imref at a ger¬ 
manium electrode. The different kinds of points signify different current densities. 

face. This was varied, by shining light on the sample, keeping the current 
across the interface constant. At each current density a plot of overvoltage 
vs. hole imref gave a straight line of unit slope; the lines being displaced 
to higher overvoltage as the current was increased. All of the data could 
be fitted empirically to Eq. (17.22) by setting K equal to 2.2.1 he precision 
of the fit obtained by Brattain and Garrett is shown in figure 17.7. 

The value of K required to give superposition of the various constant- 
current lines in Figure 17.7 is significantly different from that derived from 
the dependence of overvoltage on current (2.2 vs. 1.6). The origin of this 
difference is not known, but need not concern us here. The essential point 
is that all of the lines exhibit a unit slope, a result implying quite strongly 
that the changes in the overvoltage at an anodic germanium electrode 
occur almost entirely across the space-charge layer. Bohnenkamp and 
Engell 22 have recently studied this question by means of capacitance meas¬ 
urements. Although their results are somewhat uncertain due to a large 
frequency dependence, they tend to confirm this finding. 

Other Reactions at the Germanium Electrode 

Brattain and Garrett have also used the floating-junction technique in 
studying the hydrogen evolution reaction. The behavior is qualitatively in 
accord with the idea that electrons are the predominant charge-transfer 
species and that the electrode equation should be written in the form 

2e“ + 2H + -► H 2 (17.23) 
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ihey observe very small floating potentials when germanium is made 
cathodic and conclude that about 90 per cent of the cathodic current is 
carried by electrons. Dewald and Turner 23 have confirmed this finding. 

Only a few other electrochemical reactions have been studied at the 
germanium electrode. Gerischer and Beck 24 have studied the Fe(CN) 6 ~ 4 
Fe(CN) 6 -3 couple, and Dewald and Turner 23 have studied the N0 2 “ 
±=> N0 2 , Fe ++ ±+ Fe +++ , and oxygen reactions. In all these cases the re¬ 
action involving holes is the predominant one, in both the anodic and 
cathodic directions. This is as one would predict from the developments 
above, for all four couples are fairly strongly oxidizing and bend the bands 
up at equilibrium. Quite sizeable complications arise in these studies 
from corrosion effects at the germanium electrode and, at the present 
time, detailed evaluation of the kinetic parameters of these reactions is 
not justified. However, once the corrosion effects are understood, the whole 

field of redox couples would open up and be of vast interest. The corrosion 
of semiconductors is considered below. 

OTHER SEMICONDUCTOR ELECTRODES 

A variety of other semiconductor electrodes have been studied, for the 
most part only cursorily, however. Silicon electrodes, for example, exhibit 
characteristics which are similar to those of germanium but which are 
complicated by the formation of relatively thick and insoluble oxide films. 25 
The selenium electrode has been studied by Pittman 26 and also by Von 
Hippel et at. 2 A large amount of literature also exists on the properties of 
semiconducting oxide films on the so-called “valve” electrodes. The uv. 
photovoltaic effects observed with these latter systems, and also the ob¬ 
served rectifier actions, suggest that the oxides act as semiconductor elec- 

28 29 30 

trodes. ’ ’ However, the three-phase nature of these systems and the 
difficulties in controlling the properties of the semiconductor make this work 
something less than complete. Recent work on single-crystal zinc oxide 
electrodes appears somewhat more promising in this regard. 31 

CORROSION KINETICS: ETCHING 

A vast technology concerned with the etching and corrosion of silicon and 
germanium has arisen in connection with the fabrication of transistors.* 
The approach has been almost entirely an empirical one and only recently 
has an attempt been made to understand the fundamentals of the corrosion 
processes on semiconductors. 

Semiconductor etching exhibits almost all of the phenomena character¬ 
istic of the etching of metals. Most generally one requires an oxidizing agent 
and a complexing agent. Some etchants exhibit crystallographic depend- 

* See Ref. 34 through 37 for typical examples. 
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ences of etch rate, others are nonpreferential. Some etchants attack pref¬ 
erentially at dislocations, others do not. In addition, semiconductors ex¬ 
hibit many phenomena quite distinct from metals and of great theoretical 
as well as practical interest. Etches have been found, ' for example, 
which exhibit the same etch-rate on p and n samples if the samples are 
isolated from one another but which attack one or the other sides of a p-n 

junction almost exclusively. . 

The basic modern theory of the corrosion of metals is treated m many 

textbooks. 38 In the simplest situations for a homogeneous surface it postu¬ 
lates the operation of two half-cell reactions, the oxidation of the metal 
and the reduction of the oxidizing agent. These reactions are assumed to 
proceed independently, as if they were the two half-reactions of a short- 
circuited battery, with the electrons which are produced by the oxidation 
process being consumed (in exactly equal numbers) by the reduction proc¬ 
ess. The two processes are generally assumed to occur under the same 
potential and current-density. If the kinetic parameters of the two individ¬ 
ual electrode reactions are known, this allows the prediction of both the 
corrosion rate and the “mixed” potential of the corroding electrode. Al¬ 
though complications can arise, the predictions are usually in accord with 

the experimental data. . 

A similar procedure may be used for the corrosion of a semiconductor 

by a simple redox system, the process being complicated only by the fact 

that the kinetics of the two reactions are strongly dependent not only on the 

potential but also on the carrier densities near the surface. The anodic and 

cathodic currents may be written in the form (cf. Eqs. 17.5 and 17.22) 

io,~vr ( ,7 - 24) 

0-&) + '•" fe - 0 (17 ' 25> 

In the absence of any external current (i.e., on open-circuit) these two 
currents must be equal. Two extreme conditions of this equality are profit¬ 
ably distinguished, (a) when the hole current in (17.25) predominates, as 
when a strong oxidizing agent is employed, and (b) when the electron cur¬ 
rent is large. The skeleton equations for the over-all reactions are given m 

the two cases (cf. 17.21) by 

Ge + 40a; —> Ge +4 + 4 RecT + 1.6e + 1.6e + 

Ge + 40a: + 2.4e + + 2.4e~ -> Ge +4 + 4 RecT 

It is clear that (17.27) will become diffusion limited on both p and n type 
samples, since both carriers are involved in the overall reaction. Reaction 
(17.26), on the other hand, which involves the injection of carriers, is limited 


(17.26) 

(17.27) 
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only by the charge-transfer step and the accumulation of a “reaction- 
debris” of holes and electrons. Since typical minority-carrier saturation 
currents on germanium electrodes are of the order of .5 ma/cm 2 , only very 
slow etching (~lA/sec) is possible by path (17.27), unless the surface 
recombination velocity or bulk lifetimes are materially altered or minority 
carriers are injected optically. Dislocations which act as generation-recombi¬ 
nation centers^are particularly interesting in this regard. In the classic work 
of Vogel et al ,, 39 etch pits were formed at the dislocations. Such a behavior 
would be expected for both (17.26) and (17.27), the dislocation acting as a 
recombination site in the former case, and as a generation site in the latter. 
Grain boundaries also act as recombination sites. 34 

The corrosion of germanium by nitric acid and nitric acid/HF mixtures 
has been studied in some detail by Cretella and Gatos 40 and by Turner and 
Dewald. The former authors demonstrated that, as in other nitric acid 
reductions, 41 the charge-transfer step was between N0 2 and N0 2 _ . The 
charge goes primarily into the valence band. Thus combining (17.24) and 
(17.25) and neglecting the electron current, one sees that the surface hole 
density (p„), and therefore the corrosion current, should be constant, in¬ 
dependent of semiconductor doping. This is the experimental fact in this 
etchant, isolated p-type samples etching at the same rate as n-type. The 
potentials of the corroding electrodes are, however, strongly dependent 
upon semiconductor type as shown in Figure 17.8. 23 The clue to the under¬ 
standing of these data is the observation that neither the potential nor 
the corrosion rate is significantly photosensitive. Since the holes are the 
potential-determining carriers, this implies that the hole density ( Pl ) just 
inside the space-charge layer is large on n-type as well as on p-type elec¬ 
trodes, in agreement with (17.26) and the fairly rapid corrosion rate. Now 
for very strongly p-type samples, Pl is not appreciably different from its 



Figure 17.8. The dependence of the u mixed M potential of a corroding germanium 

electrode on the bulk resistivity in HNO3/HF (9/l) solution. The solid line is the 

first-order corrosion theory. □ = n-type, O = p-type. Potential vs. the standard 
calomel electrode. 
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equilibrium value p 0 . Thus since p s is independent of po , the potential is 
independent of po . For weakly p-type and for n-type specimens, pi is de¬ 
termined almost entirely by the carrier-transport effects and for large cor¬ 
rosion rates is independent of doping. Thus, since pi and p s are both con¬ 
stant, the surface potential \p s is constant and the electrode potential should 
vary as the contact potential at the Cu/Ge interface, i.e., as {k-T/q ) In (no/?L ). 
The data in Figure 17.8 are in not unreasonable accord with this theory, 
as shown by the solid lines. 
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as a function of frequency in polar 
crystals, 552 
experimental values, 439 
of powder samples, 547 
Dielectric relaxation time, 638 
Diffusion, 222-265 
dissociative process of, 239 
effect of doping on, 246 
effect of internal fields on, 248, 251 
effect of ion pairing on, 249-250 
for doping in floating zone, 123 
fundamentals of, 222-8 
in BaO, 297, 299 

in crystal growth from solutions, 126 
in crystal growth from vapors, 132-133 
in Ge and Si, 234-265 
length, 497-9, 678-9 
measurement methods for determina¬ 
tion of, 228-234 
in Cu, in Ge and Si, 238-242 
of Cu, in PbS, 287-290 
of Group III and Group V elements, 
in Ge and Si, 242-6 
of H and He, in Ge and Si, 234-5 


of H, in ZnO, 304 

of Li, in Ge and Si, 235-8 

of Ni, in PbS, 290 

of O, in Si, 252 

of Zn, in ZnO, 306, 308-9 

role of chemical potential in, 224 

surface boundary effects, 247 

“up-hill”, 249 

Wert-Zener theory of, 225-7 
Diffusion-controlled freezing-in, 163-165 
Diffusion-controlled reactions, 253-6 
Diphenyl, 653 

Diphenyl picryl hydrazyl, 639, 641, 645, 
657 

Dislocations, 509ff. 
detection of, 527 
edge, 65, 510 

electrical effects of, in Ge, 536-9 
in Ge and Si, 524-539 
interaction of, 518 

interaction with point defects, 523 
jogs, 521 
motion of, 515 

recombination centers in Ge, 489, 538-9 
screw, 65, 510 

sources of, 516-8 
theory of, 513-524, 531 
Disorder, kinds of, 65ff. 

Distance of closest approach, 208 
Distribution coefficient, 146ff. 
correlations, 155-156 
definition, 146 
dilute solutions, 151-152 
effective, 164 
equilibrium, 146ff. 
ideal solutions, 147 
interface, 163 
mole fraction, 146 

Donors, 17-24, 69ff. See also Impurity 
centers, Imperfections 

binding energy in polar compounds, 
560 

energy levels in Ge, 341 
energy levels in Si, 342, 469 
ionization energy of, hydrogenic 
model, 21-2, 334, 463 
spectra of, in Si, 464, 466 
Dyestuffs, 634, 639, 641 

Edestin, 641 
Edge dislocation, 510 
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Effective ionic charge, 561-3 
in Group III-V compounds, 390, 455-6 

in MgO, 563 

in wurtzite-zinc blende compounds, 578 

Effective mass, 13, 316ff. 
and crystal momentum, 321 
density of states, 29, 330 
determination, from electric suscepti¬ 
bility, 459 

values of. See individual materials, 
semiconducting properties 
variation with carrier concentration, 

in InSb, 447 

Effective mass tensor, 320 

Elastic spectrum of a diatomic crystal, 

553ff. 

Electric susceptibility, 459 
Electrochemical potential and Fermi 

level, 26 

Electroluminescence 

from forward biased junctions, 501 
in GaP, 417 

Electrolyte-semiconductor interface, 

727ff. 

Electron affinity, 659, 660, 663 
Electron bombardment 
of Ge, 255, 534 

recombination centers in Si, 491 
Electron bombardment furnaces, 123 
Electron diffraction, low energy, on Ge 
surfaces, 704 
Electrons 

as chemical constituents, 67- See also 
Equilibrium 
conduction, 2 

t r electrons, 634-5, 666 

Electron-nuclear double resonance (“En- 

dor”), 336 

Electron-spin resonance, 335 
Electron transport 

in Ge and Si, 344-378 

in 3d metal oxides, 601, 612, 631 

in 3d metals, 601 
Electron volt, 22 
“Endor”, 336 
Energy, binding 

of imperfections, 62 

of solution, 62 
Energy band “edge”, 316 
Energy bands, 4ff., 314ff. 
degenerate, 325 


free atom approach to, 5-9 
free electron approach to, 9-15 
many-valley model, 318 
Energy band structure 

Ge and Si, 314ff., 438ff. 

Group III-V compounds, 390ff., 446-8 

3d metal oxides, 601, 611ff. 

3d metals, 601 

organic semiconductors, 662 

oxides and sulfides, 566ff. 

Energy gap 

and chemical bond character, 55-9 

and interatomic distance, 56-9 

in isoelectronic series, 55 

of compounds, 52, 54 

of elements, 52, 56 

optical values of, 451 

pressure dependence of, 450, 579-580 

tables of, 52, 54, 660 

temperature dependence of, 450, 579- 

580 

thermal, in Ge and Si, 332 
variation with magnetic field, in InSb, 

405 

Energy levels. See also Impurity centers, 
Ionization energies 

localized states in Ge and Si, 334-344 
Energy structure of clean Ge surface, 

706-9 

Enrichment layer, 543 
Entropy 

in freezing processes, 157ff. 
of electrons, holes, 68 
of interstitial Zn in ZnO, 306 
of solution of imperfections, 64 
Equilibrium. See also Distribution coeffi¬ 
cient, Solubility 

among defects, 67-84, 195, 271-280 
between liquid and solid phases, 146- 

188 

heterogeneous, with Li, 194 
hole-electron, 16, 33, 67 
hole-electron, effect on solubility, 199- 

203 

in complex systems, 82 

ion pairing, effect on solubility, 203-6 

ionization, water analogy, 196 
mass action, law of, 16, 33, 193, 270 

on dislocations, 84 
on surfaces, 84 
types of, 81 
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Etch pits, 527-9 

Etching of Ge, 527-9, 749-751 

Exchange currents, 734ff. 

Excited states, of 3d metal ions, 609 
Excitons, 65 
in BaO, 570 
in Ge, 444-5 

in organic crystals, 658, 664, 668 
ionization energy of, 445 
Exhaustion region, 32, 543 
Extinction coefficient, 438 
Extrinsic semiconductor, 23 


F-center, 69-70, 77-8 
Fe (iron), recombination center 
in Ge, 489 
in Si, 490 

Fe 2 0 3 , semiconducting properties, 606, 

628-631 

Fermi level, 24 

carrier concentrations for various posi¬ 
tions of, 33 
determination of, 27 
variation with temperature, 31 
Fermi-Dirac distribution law, 24 
Fermi statistics, for semiconductors, 24- 
34, 204, 337-340 
Ferrites, crystal growth, 132 
Fibrinogen, 641 
Field effect 

on clean surfaces, 707-9 
on etched surfaces, 715-8 
on Te, 720 

Flame fusion crystal growing, 114 
Flavanthrone, 640, 644 
Floating potential, 746 
Floating zone crystal growing, 118-124, 
171 

automatic apparatus, 118-121 
electromagnetic levitation, 118, 124 
impurity additions, 123-124 
of Si, 116, 118 
sealed apparatus, 122 
zone stability, 117-8 
Fluorescence in organic crystals, 654, 
655, 661 

Forbidden energy gap, 7, 11 
Foreign atoms, incorporation in crystals, 
277-280 

Fractional crystallization, 173 


Frank-Read source, 518 
Free energy, of solution, of imperfections, 
64 

Freezing, 157-188 

melting point change, with rate of, 
159-160 
methods 

conservative, 168, 177-8, 180-7 
crystal pulling, 169 
floating zone, 171 

nonconservative, 168, 171, 178-180, 
187 

suspended zone, 171 
temperature gradient zone melting, 
171 


Freezing-in, 161ff. 
diffusion-controlled, 163 
equilibrium, 161-2 
simple, 162 

Freezing point lowering constant, 152 
Frenkel defects, 73, 271, 509 
in Ge, by bombardment, 583 
Fused junctions, 182 


Ga (gallium), in Ge and Si. See Acceptors 
GaAs 

crystal growth, 98, 111-2, 121, 127 
dielectric constant, 439 
effective ionic charge, 390, 456 
energy gap, 52, 451 
optical properties, 439, 451, 455-6 
preparation, 411 
refractive index, 439 
reststrahlen frequency, 456 
semiconducting properties, 413-6 
temperature dependence of energy gap, 
451 

GaAs x P(i_ x) solid solutions, 416 

Galvani potential, 730 

GaP 


crystal growth, 127 
dielectric constant, 439 
electrical properties, 417 
energy gap, 52, 417, 451 
optical properties, 417, 439, 451 
refractive index, 439 
temperature dependence of energy gap, 
451 

GaSb 

crystal growth, 112, 127 


G 

G. 


Ge 

Ge 

Gc 

Gr 


Gr 


Ha 

Ha 
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dielectric constant, 439 
effective ionic charge, 390, 456 
energy gap, 52, 451 

optical properties, 439, 451, 453, 455-6 
preparation, 410 
refractive index, 439 
reststrahlen frequency, 456 
semiconducting properties, 411 
temperature dependence of energy gap, 

451 

Gas-semiconductor interface, 683 

Ge (germanium). See also individual top¬ 
ics and Contents 
conductivity, 346ff. 
control of composition, 145-188 
crystal growth, 99-111, 130, 137-140 
crystal imperfections in, 522-39 
diffusion of impurities in, 228-65 
effective masses in, 324-5 
electrical properties, 314-380 
electrical properties of surfaces, 704- 

720 

electrode, 741-8 

energy band structure, 314ff., 438ff. 
Hall effect, 346ff. 
impurity levels in, 333-44 
interaction of defects in, 195-214 
mobility, 346ff. 
optical properties, 438-62 
recombination and trapping, 482-505 
semiconducting properties, 313-82 
surface properties, 704-20, 741-8 
thermal transport properties, 369-78 
thermoelectric power, 369-76 
transport properties, 344-78 
Ge-Si alloys, 384, 445 
Generation, recombination, 43, 738 
Gouy layer, 730 
Grain boundaries 

effect on chemical properties, 87 
effect on electrical properties, 87 
Gray tin. See Sn 

Haemoglobin, 641 
Hall effect, 36-40 

anomalous, in Fe203,606 
comparison with thermoelectric power, 

42 

high field limit, 354 
in alkaline-earth oxides, 573-5, 567 


in Ge and Si, 347-64 
in Group III-V compounds, 392ff. 
in inhomogeneous samples, 546 
in 3 d metal oxides, 602, 623 
in PbS, 593-6 

in pore-conducting oxides, 550 
in wurtzite-zinc blende compounds, 

580-90 

Hall mobility. See Mobility 
Heat capacity, diamond-lattice ele¬ 
ments, 381 

Heat treatment of Si, effect of O on, 217, 
252 

Helmholtz layer, 730 

Hexacene, 654 

HgTe, energy gap, 52 

Hole mobility, relation to energy gap, 56 

Holes, 2 

as chemical constituents, 67. See also 
Equilibrium 
“Hot” electrons, 378-80 
Hydrogen in ZnO, 302 
Hydrogen molecule, 5 
Hydrogen-like centers, 21-2, 334, 463 
Hydrothermal crystal growing, 131-2 
Hydroxyl ion, in ZnO, 74, 304 

Imperfections, 17-21, 62, 64-84. See also 
Impurity Centers, Dislocations, 
Vacancies, Interstitials 
as chemical species, 80ff., 195ff., 270ff. 

atomic, 62, 64 

complex, 76-80, 203-19 

crystal, 65, 92-4, 101, 107, 116, 489, 508- 

39 

equilibria between, 80ff., 195ff., 270ff. 
general treatment of, 270ff. 
in compound semiconductors, 280ff. 
interactions of, 76-80, 192-219 
ionization of, 67ff. 
models of, 69, 76 
physical, 65 
primary, 64 

solubility of, in Ge and Si, 199, 201 
structural defects, 65-6, 508-39 
Impurity band conduction. See Impurity 
conduction 

Impurity centers, 19, 462ff. See also Im¬ 
perfections 

as recombination centers, 483-93 





760 


INDEX 


Impurity centers —Continued 
as trapping centers, 502-5 
effective Bohr radius of, 465 
effective mass theory of, 466-73 
hydrogenic model for, 22, 334, 463 
in CdS, 292, 586 
in CdTe, 589-90 
in GaAs, 413, 416 
in Ge and Si, 21-4, 333-44, 462-74 
in InSb, 397-8 
in MgO, 565-6 

in oxides of 3d transition metals, 611ff. 
in PbS, 287-90 
in ZnO, 580-2 

Impurity conduction, 361-4 
evidence for, in CdS, 585 
in InSb, 397 

thermoelectric effects in Ge, 375 
Impurity control methods, 145ff. 
Impurity levels. See Imperfections, Im¬ 
purity centers, Ionization energies 
Impurity segregation 

control in crystal pulling, 104 
effect of growth rate fluctuations, 105- 
106 

effect on crystal growth rate, 89-92 
effect on crystal perfection, 92 
Impurity states. See Impurity centers 
Imrefs, 678, 737 
In (indium) 

in Ge and Si. See Acceptors 
recombination center in Si, 491 
InAs 

crystal growth, 111, 112, 127 
dielectric constant, 439 
effective ionic charge, 390, 456 

electrical properties of InAs-InP sys¬ 
tem, 410 

energy gap, 52, 451 

optical properties, 439, 448, 451-6, 462 
preparation, 405 
refractive index, 439 
reststrahlen frequency, 456 
semiconducting properties, 406-9 
temperature dependence of energy gap, 

451 

Indanthrazine, 640, 644 
Indanthrone black, 640, 644 
Inner potential, 730 
InP 

crystal growth, 127-9 


dielectric constant, 439 
effective ionic charge, 390, 456 
electrical properties of InP-InAs sys¬ 
tem, 410 

energy gap, 52, 451 
optical properties, 439, 451, 456 
preparation, 409 
refractive index, 439 
reststrahlen frequency, 456 
semiconducting properties, 409-10 
InSb 

crystal growth, 112, 127 
dielectric constant, 439 
effective ionic charge, 390, 456 
effective mass, 398-400 
energy bands in, 391, 402 
energy gap, 52, 395, 451 
lifetime in, 491 

optical properties, 446-8, 451, 455-6, 
461-2 

refractive index, 439 
reststrahlen frequency, 456 
semiconducting properties, 391-405, 
446-62 

temperature dependence of energy gap, 

451 

Insulator, 15 

In 2 Te 3 , energy gap, 54 

Interface 

gas-semiconductor, 683 
metal-semiconductor, 681 
semiconductor-electrolyte, 727ff. 
Interstitial, 73-4 
Cu, in Ge and Si, 238-42 
Cu, in PbS, 287-90 
equilibria involving, 78-84, 271ff. 
foreign, 73 

impurities in BaO, 296 
impurities in ZnO, 301-310 
Li, in Ge and Si, 207-213, 235-8 
native, 73, 509 
Ni, in Ge, 250 
Intrinsic 

carrier concentration in Ge and Si, 350 
conductivity, 16, 329-333 
semiconductor, 16, 329-333 
Inversion layer, 543 
Ion mobility, 61 
Ion pairing, 203-214 
between substitutional atoms, 213 
distances, with Li, 208 




INDEX 


761 


effect of, on diffusion, 250 
effect of, on impurity ionization, 211 
effect of, on solubility, 203-6 
equilibria, 204 

relaxation phenomena, 207-10 
triplet formation with Zn, 212-3 

Ion states, 729 
Ion triplets, 212-3 

Ionic charge. See Effective ionic charge 

Ionic conduction, 60-2 

Ionic radii, of 3d metal ions, 612 

Ionization 

degree of, and Fermi level, 198 

effect of pairing on, 210 
of donors and acceptors, effects of solu¬ 
bility, 154, 199 
of imperfections, 67ff. 

Ionization energies. See also Impurity 

centers 

analogy to water, 197 

determination of, 30 

of donors and acceptors, 21-2, 334, 472 

of ion pairs, 210-2 
of localized energy levels, 336-40 
Ionization equilibria, in Ge and Si, 196 
Ionization potential, 659-60, 663 
Ionized-impurity scattering, 357-60 
Irradiation. See also Bombardment 
cathode ray, 63 
a-particle, 63 
X-ray, 63 

Isodibenzanthrone. See Isoviolanthrone 
Isoviolanthrone, 639, 640, 642 

Junction transistor, 48-9 
Junctions. See v~n junctions 

KBr 

energy gap, 52 
solubility of Br in, 71 
solubility of K in, 71 
KC1, energy gap, 52 
KF, energy gap, 52 
KI, energy gap, 52 
KSb, energy gap, 54 
K 3 Sb, energy gap, 54 

Lattice absorption 

of Group III-V compounds, 455-7 

of Si and Ge, 453-5 


Lattice polarization, by conduction elec¬ 
trons, 611 

Lattice scattering, 35. See also Mobility 
acoustical mode, 351ff. 
optical mode, 558ff. 

Lattice vibrational spectrum 
of Ge and Si, 326ff. 
of polar crystals, 551ff. 

Law of mass action, 16, 33, 193, 270. See 

also Equilibrium 
Li (lithium) 

diffusion, in Ge and Si, 235-6 
ion pairing of, in Ge and Si, 203-12 
mobility, in Ge and Si, 237 
precipitation of, in Ge and Si, 260-4 
solubility of, in Ge and Si, 201, 203 
LiBr, energy gap, 52 
Li Cl, energy gap, 52 
LiF, energy gap, 52 
Lil, energy gap, 52 
Lifetime, 43, 482ff. 
definition, 483 

effect of dislocations on, 489-90, 538 
effects of heating on, in Si, 121 
in Ge, 487-90 
in InSb, 490-1 
in presence of traps, 504 

in Si, 121, 490-1 

limited by direct recombination, 484 
limited by recombination . centers, 

485-7 

limited by surfaces, 494-6, 708, 713-7 
methods for measurement of, 493-500 
temperature dependence of, 491-3 
Lineage boundaries 

in Ge, 528 

recombination centers in Ge, 489 
Liquid phases of Ge and Si, 384 
Liquid semiconductors, 430, 649, 659 
Liquid solutions, 146ff. 

Liquidus curve, 148 
Luminescence, 44, 500-2 
Lyddane, Sachs, Teller relation, 554 

Magnetic susceptibility 

in Ge and Si, 381-2 
in organic semiconductors, 657 
Magneto-absorption, oscillatory 326, 

448-9 

Magnetoresistance 

in Ge and Si, 356, 364-6 
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Magnetoresistance —Continued 
in InAs, 409 
in InSb, 400-4 

Maxwell-Boltzmann distribution, 25 
Melting point, as function of freezing 
rate, 159 

Metal-semiconductor interface, 681 
Metals, 15 

electron transport in 3d metals, 601 
energy band structure of 3d metals, 601 
Methyl affinity, 660 
Mg 3 Bi 2 , energy gap, 54 
Mg 2 Ge 

energy gap, 54 

semiconducting properties, 424-6 
Mg 2 Ge x Sn(i_ X ), semiconducting proper¬ 
ties, 426 

MgO, semiconducting properties, 563-9 
Mg 2 Pb 

energy gap, 54 
properties, 426 
Mg 3 Sb 2 , energy gap, 54 

Mg 2 Si 

energy gap, 54 

semiconducting properties, 424-6 
Mg 2 Sn 

energy gap, 54 

semiconducting properties, 424-6 
Minority carrier lifetime. See Lifetime 
Mn (manganese) 
recombination center in Ge, 489 
recombination center in Si, 490 
Mobility, 34, 38, 346-362 
acoustical mode, 353 
drift and Hall, 347ff. 
effect of dislocations on, 538 
Hall, in As-doped Ge samples, 358 
Hall, in As-doped Si samples, 359 
Hall, in B-doped Si samples, 360 
Hall, in InSb, 393-7 
in alkali halides, 560 
in alkaline earth oxides, 563ff. 
in Ge and Si, 346-369 
in Group III-V compounds, 393-6 
in organic semiconductors, 667-8 
in oxides of 3d transition metals, 612ff. 
in PbS family, 595-6 
in space-charge region, 684 
in wurtzite-zinc blende compounds, 
577ff. 


ionic, 61 

lattice scattering, 351ff., 558ff. 
measurement of, 44 
of Li, in Ge and Si, 237 
optical mode, 558 
relation to energy gap, 56 
Molecular ions, 77 
Mott-Schottky approximation, 731 
Mullite, crystal growth, 115 

N (nitrogen) 

as doping agent in SiC, 135 
in growing Si crystals, 107-109 
Na, energy bands in, 8 
NaBr, energy gap, 52 
NaCl, energy gap, 52 
NaF, energy gap, 52 
Nal, energy gap, 52 
n-Naphthanthrone, 640, 643 
n-Naphthodianthrene, 640, 643 
Naphthalene, 639, 642, 647-649, 660, 670-1 
N6el temperature, of oxides, 604 
Neutron bombardment of Ge, 533 

Ni, as a recombination center in Ge, 487 
NiO 

absorption spectrum, 610 
energy levels in, 617-621 
semiconducting properties of, 621-632 
Nomenclature of crystal defects, 270 
Non-ohmic behavior-“hot electrons”, 
378-380 

Nonstoichiometry, 20-1, 270ff. 

Normal freezing, 165ff. 

Nucleation 

during crystal growth, 89, 92, 126, 169 
effects of crucible walls, 96 

Optical absorption. See Absorption, opti¬ 
cal 

Optical ionization energies, in Ge and Si, 
472 

Optical mode scattering, 558ff. 

Optical modes of vibration, 327, 552 
3d Orbitals 

angular distribution, 608 
crystal field splitting, 608-9 
overlapping, to form 3d band, 612 
Oscillatory magneto-absorption, 326, 
448-9 

determination of energy gap from, 449 
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Ovalene, 640, 642, 654-5 
Overvoltage, 741 
Oxidation 

of CO on semiconductor catalysts, 698- 

699 

of Ge and Si, 695 
of Ni, 694 
of Zn, 307 

Oxide cathode, electrical conductivity, 

549 

Oxide films, 694-5 
Oxygen 

in Ge, 110 
in Si 

and heat treatment, 476 
configuration of, 475 
diffusion of, 252-3 
optical absorption of, 474-7 
reactions involving, 217-9 
source of, 110, 114 

P (phosphorus) 

as doping agent in SiC, 135 

energy gap, 52 
in Ge and Si. See Donors 
removal from silicon, in vacuum, 110 
Paramagnetic resonance, 641, 657, 670 

PbS 

chemistry of, 280-290 
control of composition, 280-290 
crystal growth, 98, 137, 280 

films, 544 

optical properties, 590-4 
photoconductivity, 544, 591, 722 
semiconducting properties, 590-7 
PbSe, semiconducting properties, 590-7 

PbTe 

crystal growth, 98 
semiconducting properties, 590-7 

Peierls stress, 514 
Peltier effect, 41, 370ff. 
use of, in crystal growing, 110 

Pentacene, 640, 642, 654-5, 660 
Perylene, 640, 642, 655—6, 660 
Perylene-bromine complex, 641 
Phase diagram, 148 
Phenylstilbenes, 650-653 

Phonons, 65, 329 
Phonon-electron interaction, 326ff., 440ff. 


Phonon-drag 

in Ge and Si, 371-6 
in powder samples, 547 
in ZnO, 584 

Phosphorescence, 658, 664, 670 

Phosphors, 64 
Photoadsorption, 696 
Photocatalysis, 702 
Photocells, 64 

Photoconductivity, 43, 63, 478 
decay of, 493 

effects of trapping on, 503 

in organic materials, 634ff., 651ff., 669 

of MgO, 566 
of PbS, 544, 591, 722 
of Ti0 2 (rutile), 613 
of ZnO, 721-2 

Photoelectric effect, external, 634, 664 
Photoelectric emission, use in deter¬ 
mining energy bands in semicon¬ 
ductors, 570ff. 

Photoelectric threshold, of semiconduc¬ 
tors, 704-707 

Photomagnetoelectric effect, 499-500 
Photosynthesis, 635 
Photovoltaic effects, 741 
Phthalocyanines, 639, 641, 645, 649, 650, 

657, 672 

Piezoresistance, n-type Ge, 366-9 
Planck’s law, 328 
Plasma albumen, 641 
Plastic deformation, 513 

effects on recombination in Ge, 490 
PME effect. See Photomagnetoelectric 

effect 

p-n junction, 45-9 
alloy, 183 

delineation by diffusion of Cu, 240 
electroluminescence from, 501 
formation by freezing methods, 180-188 
method for determining diffusion, 231 
steady state diffusion depth of, 248 
Point defects, 509 

Polarization of ionic crystals, 551ff. 

Polarization “parabolas”, 735 

Polarons, 65, 557ff., 666 

Polymers, semiconductivity in, 635-639, 

641-644 

Pore conductivity, 548 
Powder samples, sintered, 542-551 
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Precipitation 

effect of dislocations on rate of, 258 
formation of vacancies during, 259 
of Cu, in Ge and Si, 256 
of Li, in Ge and Si, 260-4 
of Ni, in Ge and Si, 256 
Proteins, 634-641 

Purification, by freezing methods, 173-7 
Pyranthrene, 640, 643 
Pyranthrene-bromine complex, 641 
Pyranthrone, 640, 643 
Pyrene, 640, 642, 650, 653, 655-6, 660 
5,6-(N)-Pyridino-l,9-benzanthrone, 640, 
644 

Quartz crystal growth, 131 
Quasi equilibrium, at electrodes, 737ff. 
Quenching, recombination centers in Si, 
491 

Radiation damage, annealing reaction, 
254-6 

Radiation furnaces, 123 
Radiative recombination, 500-2 
rate of, in Ge and Si, 484 
Radio frequency heating 
control of, 109, 119-120 

for crystal pulling, 106 
for floating zone, 118-121, 122 
Rate growing, 185-186 
with melt-back, 185-186 
RbBr, energy gap, 52 
RbCl, energy gap, 52 
RbF, energy gap, 52 
Rbl, energy gap, 52 
Reactions 

between acceptors and O, in Si, 218 
between donors and acceptors, in Ge, 
217 

between Li and O, in Si, 218 
diffusion-controlled, 253-6 
of O, in Si, 217 
Reciprocal lattice, 12 
Recombination, 16, 43 
at a center, 43, 484 
centers in Ge and Si, 483-493 
kinetics, 485-7 
mechanisms, 483 
radiative, 500-2 
surface effects, 484, 494 


Rectification, 47, 63, 682, 719 
point contact, 660-1, 683 
Rectifiers, 63 

Reduced wave vector, 9, 12, 316 
Reflectivity, 437 
Refractive index, 438 
experimental values, 439 
Relaxation time 

in electrical conduction, 345, 351, 353, 
358 

for phonons, boundary scattering, 374 
Remelt process, 182-183 
Resorcinol, 672 
Reststrahlen, 455-6, 555 
Retrograde solid solubility, 149-150 
Rotational disorder, 65 

S (sulfur), a, energy gap, 52 
Sacker-Tetrode equation, 68 

Saturation current, electrode reactions, 
742ff. 

Saturation region, 32 
Sb (antimony) 

0, band gap of, 52 
doping of Ge, 99-100, 111 
doping in SiC, 135 
in Ge and Si. See Donors 
Sb 2 S 3 , energy gap, 54 
Sb 2 Se 3 , energy gap, 54 
Sb 2 Te 3 , energy gap, 54 
Scattering. See Mobility 
Schellite, crystal growth, 115 
Schottky defects, 68, 283, 292, 509 
Scintillation counters, 64 
Screw dislocation, 510 
Se (selenium) 
electrical properties, 430 
red, energy gap, 52 

Seebeck effect. See Thermoelectric power 
Seeding of costal growth 
in pure melts, 96 
in solution, 126 
self-seeding, 96 
Segregation, 166 
Selection rule 
for direct transitions, 440 
for indirect transitions, 441 
Self-trapping, of conduction electrons in 
oxides, 601, 611, 631 
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Semiconductors 

applications of, 2, 64 
classified, 51ff. 
definition of, 1 
degenerate, 32 
extrinsic, 23 
impurity, 17 
intrinsic, 16 
n and p-type, 23 

nonstoichiometric, 20 

Si. See also individual topics and Con¬ 
tents 

conductivity, 346ff. 
control of composition, 145-188 
crystal growth, 101-140 
crystal imperfections in, 522-539 
diffusion of impurities in, 228-265 
effective masses in, 324-5 
electrical properties, 314-380 
electrical properties of surfaces, 709- 

720 

energy band structure, 314ff., 438ff. 

Hall effect, 346ff. 

impurity levels in, 333-344, 462-471 
interaction of defects in, 195-219 

mobility, 346ff. 
optical properties, 438-477 
recombination and trapping, 482-505 
semiconducting properties, 313-382 
surface properties, 709-720 
thermal transport properties, 369-378 
thermoelectric power, 369-376 
transport properties, 344-378 

SiC 

crystal growth, 135, 139 
energy gap, 52 

semiconducting properties, 383 
Sintered powder samples, 542-551 

Si0 2 • See Quartz 

reaction with silicon, 113 
Simple freezing-in, 162 
Sintered powder samples, 310-1, 542-551 

Slip, 509ff. 

Sn (tin) 

«, energy gap, 52 

as solvent in Si crystal growth, 127 
crystal growth of gray form, 130-131 
semiconducting properties, 384 
electrical properties in Si, 127 
whiskers, 140 


Solid solutions 
ideal, 146 
ideal dilute, 148 

Solidus curve, 148 

Solubility of donors and acceptors 

effect of hole-electron equilibrium on, 

199-203 

effect of ion pairing on, 203-206 

of Li, in Ge, 203 
of Li, in Si, 201 

Solutions, liquid and solid, 146ff. 

Space charge layer, 676ff., 731ff. 
origin of, 682 

theory of, 678-681 

types of, 680 

Spectral response of photoconductivity, 

652-653, 672 
Spin degeneracy, 24 
Spin orbit splitting, 453 
Spinels, crystal growth, 115, 132 
SrO, semiconducting properties, 576 
Stacking disorder, 65 
£rtms-Stilbene, 650, 653, 656 
Strain fields, 523 

Substitutional imperfections, 74-6 

Surface breakdown, 713 

Surface cleaning treatment, for Ge and 

Si, 703 

Surface conduction 

clean surfaces, Ge, 707-9 

Cu 2 0, 722 

etched surfaces, Ge and Si, 710-3 
oxidic semiconductors, 720ff. 

Surface effects 
in diffusion, 247-8 

organic semiconductors, 637, 648, 651, 
661, 669 

Surface excess, of holes and electrons, 683 

Surface melting, 181 
Surface potential, 679, 732 
Surface recombination, clean surfaces, 

707ff. 

Surface recombination velocity, 495, 713- 
717 

Surface space charge layer, 543 

Surface states 

at electrolyte interface, 733 
due to termination of lattice (Tamm 

states), 686 
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Surface states —Continued 

experimental determination of, Ge and 
Si, 712-720 

kinds of, 686 

Surface tension 

effects on crystal shape, 103 

effects on floating zone stability, 117- 
118 

Swiss-cheese model of sintered samples 
542 

Szigeti parameter, S , 562-63, 578 

Tamm states, 686 
Te (tellurium) 
crystal growth, 112 
electrical properties, 426-430 
energy gap, 52 

optical properties, 426-430 
semiconducting properties, 426-430 
Temperature gradient zone melting, 171 
Temperature gradients 
as a crystal growth technique, 129-130 
effects on crystal growth rates, 89-90 
125-127, 132-133, 136-137 
effects on crystal perfection, 93-94, 99 
Ternary solutions, distribution coeffi¬ 
cient in, 152 
p-Terphenyl, 650, 653 
Tetracene, 640, 642, 653, 655, 660 
Thermal conductivity 
of Bi 2 Te 3 ,421 
of Ge, 404 
of InSb, 404 
Thermistors, 64 

Thermoelectric power, 40-2, 369-76 
comparison with Hall effect, 42 
electron diffusion, 370 
of Ge and Si, 369-376 
of Bi 2 S 3 , Bi 2 S 3 , Bi 2 Te 3 ,418-424 
of Group III-V compounds, 398, 417 
of organic semiconductors, 657, 661-2 
667, 670 

of PbS family, 596 
of pore-conducting oxides, 550 
of powder samples, 546 
of Te, 430 

of wurtzite-zinc blende compounds 
584-590 

phonon-drag contribution, 371ff., 584 
theory, 370 

Thermomagnetic effects, in Ge, 376 


Tight-binding approximation, 5-9 
TiO, electrical properties, 614 
Ti0 2 (rutile) 

crystal growth, 155 

electrical properties of, 612 

Ti 2 0 3 , electrical properties of, 614-6 
Transistor, 48 

Trapping, 502-5 
multiple, 504 
Traps, 44, 502-5 
chemical origin of, 504 
Transmission, optical 437 
Transport processes in liquid phase, in 
fluence in Si, 163 

Triplet states, 658, 660, 664, 670, 672 
Units, 22 

Vacancies, 68-73, 509 
anion, 68-73 
cation, 68-73 
concentration of, 71-2 
electronic state of, 70 

equilibria involving, 78-84, 271ff. 
ionization of, 70 

Vacancies in Ge and Si 
activation energy of formation of, 264 
complexes with atoms and ions, 215 
effect of impurities on, 201, 202 
pairing of, 215 

role in precipitation, 260, 263 
Vacuum tubes, 64 
Varistors, 64 

Vibration modes. See Lattice vibrations 
Violanthrene, 640, 642, 647, 654-5 
Violanthrene-bromine complex, 641 
Violanthrene-iodine complex, 641 
Violanthrone, 640, 643, 657 
V 2 0 3 , electrical properties, 614-6 

Wave vectors, reduced, 9, 12, 316 
Whiskers 

Ge, 139-140 
Hg, 140 
Si, 139, 140 
Sn, 140 

Work function of semiconductors, 704 
Work hardening, 522 
Wurtzite compounds 
chemistry of, 269ff. 
semiconducting properties, 577ff. 
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Yield, 513 

Zinc blende compounds 
chemistry of, 269ff. 
semiconducting properties, 577ff. 
Zn 3 As 2 , energy gap, 54 
ZnO 

chemistry of, 300-311 
control of composition, 300-311 
crystal growth, 132, 134, 139, 300 
energy band structure, 600 
energy gap, 52 
hydroxyl ion in, 74, 304 
photoconductivity, 721-722 
semiconducting properties, 580-5 
sintered, 310-311 
ZnS 


crystal growth, 132, 136 
energy gap, 52 
ZnSb, energy gap, 54 
ZnSe, energy gap, 52 
ZnTe, energy gap, 52 
Zone leveling, 178-180 
in a crucible, 99-100 
of Ge, 99-100, 111 
of Si, in a floating zone, 123 

with crystal pulling, 111 

Zone melting, 165, 166 
floating, 118-124, 171 
suspended, 171 
temperature gradient, 171 
Zone refining, 636, 174-177 
of Ge, 99-101 
of Si, 116 

with levitation in a boat, 124 




